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Abstract 
 This thesis investigates the relationship between disease and bone collagen 
isotope compositions, and uses isotopic analyses of human and faunal bone to examine 
the diet and geographic associations of two medieval (9th to 16th century) German 
communities derived from urban (Regensburg, n=111) and rural (Dalheim, n=24) 
contexts.  
 The first goal of this research was to determine the reliability of bone collagen 
isotopic compositions to characterize diet in unhealthy individuals. Examples of bone 
pathology were selected from two medieval samples and one modern/historic skeletal 
collection (n=49) in order to measure the extent to which pathology influences intra-
skeletal isotopic variability. The carbon- and nitrogen-isotope compositions of collagen 
from pathological bone were compared to areas of related but unaffected bone. 
Individuals with osteomyelitic lesions or incompletely remodeled bone fractures 
demonstrated intra-skeletal variability in their nitrogen-isotope ratios. Overall, these 
differences were small, but larger than expected for normal intra-skeletal variability, and 
likely reflect changes in body metabolism that accompany chronic infection and severe 
trauma.  
 This work also assessed the reliability of interpreting distinct diets from inter-
individual differences in isotopic ratios. The Regensburg sample was used to test whether 
or not a relationship exists between various diseases and bone collagen nitrogen-isotope 
compositions when skeletal elements exhibiting pathology are avoided entirely during 
sampling. Although a number of conditions were evaluated, no disease processes were 
found to seriously modify original collagen nitrogen-isotope compositions. These results 
suggest that individuals with obvious bone pathology need not be excluded from isotopic 
investigations of paleodiet.  
 The second goal of this research was to investigate the Regensburg and Dalheim 
populations in terms of diet and geographic identity using a multi-isotope analysis of 
human and faunal remains. At both sites, diets were based on C3 plants and/or plant-
 iii 
 
consumers, although minor consumption of millet (C4) cannot be ruled out. Differential 
access to dietary protein was observed in both communities, but the Regensburg residents 
likely consumed more foods from a higher trophic level (e.g., freshwater fish). The 
oxygen-isotope data for bone structural carbonate broadly associated most individuals 
with their region of burial but identifying specific geographic relocations within the 
region was not possible.    
Keywords 
Bioarchaeology, stable isotopes, collagen, bone pathology, nitrogen metabolism, 
paleodiet, geographic identity, medieval Germany 
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Chapter One 
1 INTRODUCTION 
 
1.1 Research objectives 
 This thesis investigates the relationship between disease and human bone isotopic 
compositions using isotopic analyses of collagen, and examines the diet and geographic 
associations of individuals living in medieval German society. Previous research 
indicates that altered body metabolism affects the isotopic composition of human bone 
collagen (e.g., White and Armelagos, 1997; Katzenberg and Lovell, 1999; Strange, 2006) 
but paleodiet research continues to rely on isotopic data to interpret consumption patterns 
in the past without addressing this interpretive limitation. For that reason, the first 
objective of this dissertation is to assess the extent to which pathological states influence 
bone collagen isotopic compositions. This objective is explored using examples of bone 
pathology selected from three skeletal collections that include an urban population (12th 
to 16th century) from southwest Germany, a rural population (9th to 15th century) from 
northeast Germany, and an early twentieth century Swiss pathology reference series. The 
German populations also provide an opportunity to explore two very different medieval 
European archaeological contexts. Accordingly, the second objective of this research is to 
investigate both populations in terms of diet and place of residence or geographic identity 
using isotopic analyses.  
The specific goals of this thesis arising from these two general objectives are to: 
(1) investigate the relationship between bone pathology and intra-individual variability in 
collagen isotopic compositions, (2) assess the relationship between disease and collagen 
isotopic compositions at the population level, and (3) situate the results within a 
bioarchaeological framework by integrating stable isotope and osteological data with 
environmental data, population-specific attitudes towards diet and health, and community 
socioeconomic structure.  
2 
 
This introductory chapter provides an overview of the isotopic approach to 
paleodiet and its limitations, explains how isotopic analyses are used to identify 
geographic associations, and introduces some key characteristics of medieval German 
society. A description of the skeletal sample used to address the research objectives, and 
a general outline of the work that follows are also provided.  
 
1.2 Research context 
1.2.1 Isotopic approach to paleodiet 
 Isotopic studies of paleodiet are based on the idea that the isotopic compositions 
of consumed foods are preserved in human tissues such as bones, teeth and hair. This 
dissertation focuses specifically on the isotopic information preserved in archaeological 
bone. Bone carbon- and nitrogen-isotope ratios are traditionally used to establish the 
relative importance of isotopically distinct foods in a given diet, and are expressed in 
delta (δ) notation as per mil (‰) differences. Carbon-isotope data are derived from both 
the protein component of bone, known as collagen (δ13Ccol), and from the mineral 
component of bone, referred to as structural carbonate (δ13Csc). Carbon-isotope 
compositions are generally used to indicate the relative contributions of two plant types 
to the diet, C3 and C4 plants, which are differentiated by their preferred mode of 
photosynthesis (Ambrose, 1993). Most fruits, vegetables, legumes, and grains fall into the 
category of C3 plants, and although C4 plants are less common, important crops such as 
maize, millet, and sugarcane are included in this category. Carbon isotopic compositions 
can also be used as indices of marine food consumption because plants growing in the 
ocean have higher 13C values relative to terrestrial plants (Chisholm et al., 1982).  
 Nitrogen-isotope compositions are derived from bone collagen (δ15Ncol), and 
provide information about the types of protein consumed and the trophic level of the 
consumer. For example, nitrogen-isotope data are used to distinguish between vegetable 
and animal protein, or between terrestrial and freshwater or marine animal protein in the 
diet (Ambrose, 1993). Nitrogen-isotope ratios typically increase by about +3 to +6‰ 
from one level of the food chain to the next, which tends to separate herbivores, 
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omnivores, and carnivores in a given food web (DeNiro and Epstein, 1981; DeNiro, 
1985; O'Connell et al., 2012). In addition, infant bone collagen is usually +2 to +4‰ 
enriched in 
15
N, or one trophic level higher than the parent population, because infants 
consume milk formed from their mothers’ tissues (Fogel et al., 1989).  
Limitations  
 Paleodiet research regularly interprets food choices from isotopic data with little 
understanding of how physiology influences isotopic variability in human tissues, and 
there is evidence to suggest that changes in body metabolism affect the isotopic 
composition of tissue proteins like hair keratin and bone collagen. In particular, 
imbalances in body nitrogen are associated with abnormal physiology because altered 
protein metabolism is the normal response to such conditions (Rennie, 1985). Nutritional 
stress in clinical research has been associated with increased hair δ15Nker values, which 
are thought to be caused by the breakdown and reuse of existing body nitrogen (Fuller et 
al., 2005; Mekota et al., 2006). In other words, a nitrogen-isotope trophic level effect was 
produced because nutritionally stressed individuals were literally consuming their own 
tissues to survive. When dietary protein is inadequate, protein synthesis in the body relies 
on the amino acids recycled from existing muscle protein. This pool of nitrogen is 
thought to be enriched in 
15
N because physiological stresses coincide with the loss of 
body nitrogen in 
15
N-depleted urine (Ambrose and DeNiro, 1986; 1987; Hobson et al., 
1993; Katzenberg and Lovell, 1999). White and Armelagos (1997) also linked high bone 
δ15Ncol values among pregnant Nubian women in an archaeological population to 
nutritional stress. However, the progression of healthy pregnancies appears to be related 
to decreases in hair δ15Nker values among modern females (Fuller et al., 2004).  
 Nitrogen recycling is also thought to be the cause of increased nitrogen-isotope 
compositions among individuals with infectious wasting diseases. Katzenberg and Lovell 
(1999) analysed several collagen samples from a deceased individual who had suffered 
from acquired immunodeficiency syndrome (AIDS). They found that collagen from an 
osteomyelitic lesion had higher δ15Ncol values relative to unaffected areas of bone from 
the same individual. Strange (2006) also found that collagen from lesions caused by 
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tuberculosis had higher δ15Ncol values relative to unaffected areas of bone among 
individuals from Middle Mississippian archaeological population. Both studies suggested 
that the process of wasting, like nutritional stress, resulted in nitrogen imbalance and, in 
turn, internal nitrogen recycling produced higher δ15Ncol values at active lesion sites. 
 Carbohydrate metabolism is also altered in response to some pathological 
conditions, including severe or prolonged infections (Long, 1977) but unlike nitrogen-
isotope compositions, altered body metabolism has not been associated with changes in 
tissue carbon-isotope compositions. One exception may be recovery from starvation, 
which has been linked to changes in hair δ13Cker values (Mekota et al., 2006). Given that 
research in this area is limited, and because both carbon and nitrogen isotopic data 
continue to be used as indicators of dietary variability in the past, the influence of 
unhealthy physiology on the isotopic composition of bone collagen requires further 
investigation.  
 
1.2.2 Identifying geographic associations  
 Isotopic studies of geographic associations are based on the idea that the isotopic 
compositions of drinking water sources are preserved in human tissues like bones and 
teeth. Environmental variables such as temperature and latitude play roles in determining 
the oxygen-isotope composition of local drinking water sources (Dansgaard, 1964). 
When drinking water is absorbed into the human body, its isotopic signature is passed on 
to that of body water, which then equilibrates with skeletal phosphate (Longinelli, 1984; 
Luz et al., 1984) and structural carbonate (Bryant et al., 1996; Iacumin et al., 1996). As a 
result, these components of bone and enamel mineral (δ18Op, δ
18
Osc) directly reflect 
regional variations in drinking water isotopic compositions. This dissertation investigates 
the isotopic information preserved in the structural carbonate component of 
archaeological bone in order to identify the geographic identity of individuals within a 
population. When the oxygen isotopic composition of environmental water is known for 
a region of interest, δ18Osc values can be used to determine if non-locals are present 
within a group. Non-locals are normally identified via oxygen-isotope compositions that 
lie outside an established local range. 
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1.2.3 Medieval Germany 
 The Medieval period refers to the time between the late fourth century and the late 
fifteenth or early sixteenth centuries, and is subdivided into the Early (~395 to ~1100), 
Central or High (~1100 to ~1300), and Late (~1300 to ~1500) Middle Ages (Mackay and 
Ditchburn, 1997). The borders of German lands have shifted since the Medieval period 
and at times would have encompassed parts of modern day Austria, Switzerland, northern 
Italy, western France, Belgium, Netherlands, and Luxembourg (Wende, 2005). In fact, 
‘Germany’ was not common term until about the sixteenth century because the territories 
involved, although part of the Holy Roman Empire, were politically separate (Scott, 
2002). These divisions stemmed in part from linguistic and cultural differences among 
the various Germanic ethnic groups (e.g., Franks, Swabians, Saxons, Bavarians, and 
Thuringians) that inhabited the landscape, (Wende, 2005).  
 Social and economic developments in medieval German communities reflected 
larger trends occurring across western Europe during the Middle Ages (Scott, 2002). 
From the eleventh century onward, medieval European populations increased 
substantially, and new urban centres were regularly established even as existing cities 
grew larger (Lilley, 2002). Migration from rural to urban environments became 
commonplace as people left the countryside for work in towns and cities (Kleinschmidt, 
2003). The expansion of markets and long-distance trade fundamentally transformed the 
economic structure of medieval communities and gave rise to the merchant middle class 
that, in turn, threatened the political power of landowning elite and the existing social 
hierarchy (Nicholas, 1997). In the fourteenth and fifteenth centuries, widespread crop 
failures and outbreaks of the bubonic plague killed a significant portion of the European 
population as a whole (Nicholas, 1997; Wende, 2005). The survivors of these crises, 
however, were in better positions economically because of reduced population pressures, 
and the continued movement of people into cities tended to replace the numbers lost to 
starvation and disease (Lilley, 2002).  
 The social attitudes and actions of medieval Germans were strongly influenced by 
the philosophy and laws of the Catholic Church. An important Christian duty involved 
providing charity or care to those who were less fortunate in the community, i.e., the poor 
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and the sick (Lilley, 2002). The Church also shaped consumption patterns among its 
followers by forbidding most meats, dairy products, and eggs on numerous days 
throughout the calendar year (Adamson, 2002). In addition to religion, other social rules 
played roles in determining the diets of medieval Germans. Foods were often categorized 
as appropriate (or not) for consumption by the upper and lower classes (Adamson, 1995). 
Furthermore, diet and wellbeing were intimately related for all medieval Europeans 
because foodstuffs were thought to be primary causes of sickness but were also essential 
in restoring and maintaining good health (Scully, 1995). Drawn from secondary source 
material, the movements, behaviours, and viewpoints of medieval Germans provide a 
background to the archaeological contexts investigated as part of this research and are 
used in this dissertation to complement the isotopic results.  
 
1.3 Research sample 
 In September 2008, bone samples were obtained from a skeletal collection curated 
at the State Collection for Anthropology and Palaeoanatomy (SAPM, Munich, Germany), 
and two collections held at the University of Zurich’s Institute of Anatomy (Zurich, 
Switzerland). The goal was to sample a variety of pathological conditions that affect  
bone tissue, including metabolic disorders, vitamin/nutritional deficiencies, degenerative 
disorders, traumas, and infectious diseases. Of course, individuals who do not exhibit 
osteological evidence for disease were not necessarily healthy in life (Ortner, 1991). 
However, a lack of skeletal involvement suggests that if diseases were present, 
individuals succumbed quickly, and given that bone turnover is very slow, such diseases 
would not have had time to affect the isotopic composition of the tissue. Individuals who 
survived major illnesses or traumas, and/or lived with diseases for long periods prior to 
death, are more important to this research in terms of assessing the relationship between 
disease physiology and tissue isotopic compositions.  
 The collection at the SAPM, referred to here as the Regensburg sample, is 
comprised of burials from a twelfth to sixteenth century cemetery located in Regensburg, 
Germany. The cemetery is interpreted as belonging to a medieval poorhouse, a common 
urban institution throughout Europe during this time (Haebler et al., 2008). Residents of 
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poorhouses represent disadvantaged groups within larger medieval communities, and 
would have included elderly, unmarried pregnant women, and poverty-stricken 
individuals who were unable to care for themselves (Haebler et al., 2008). One bone, 
normally a rib, was selected from each individual for bone collagen and structural 
carbonate analysis (n = 111)
1
. In order to test normal intra-individual isotopic variability, 
metacarpals (n = 6) and fibulae (n = 6) were also sampled. A subset of pathological bone 
lesions was selected in order to test pathology-related intra-individual isotopic variability. 
The conditions included degenerative joint lesions (n = 6), fracture calluses (n = 10), 
osteomyelitic lesions (n = 6), and periosteal lesions (n = 13). Whenever possible, near-
lesion sites were also sampled (n = 23). “Near-lesion” indicates areas of bone closely 
related but adjacent to bone lesions, defined by visual approximation. In addition, teeth 
were sampled from children who may have suffered from congenital syphilis (n = 4), and 
femur samples were taken from individuals with vitamin D deficiency rickets (n = 6). 
Faunal remains recovered at the cemetery were also selected for collagen and structural 
carbonate isotopic analysis in order to provide additional insight into the dietary habits of 
this population (n = 23)
1
.  
 The second sample, curated at Zurich’s Institute for Anatomy, is a selection of 
ninth to fifteenth century burials recovered from a cemetery on the grounds of the 
Dalheim Monastery in Lichtenau, Germany, and is referred to here as the Dalheim 
sample. The cemetery is associated with a small parish church that predates the monastic 
structures at the site, and likely served the rural village and farming community in the 
area over several hundred years (Pieper, 2000). A rib was selected for collagen and 
structural carbonate analysis in all but one case where a cortical bone fragment was 
substituted for a rib (n = 24). As part of the test of normal intra-individual isotopic 
variability, samples of vertebral bone were also selected (n = 10). Few pathological 
conditions were identified in this group but included degenerative joint disease and non-
specific evidence of stress (Hofmann et al., 2008). For the most part, degenerative lesions 
                                                 
1
 A portion of the human and faunal structural carbonate analyses, and the faunal collagen analyses were 
carried out by Kristin von Heyking at the GeoBio-Center (Munich, Germany) as part of a larger 
collaboration. See Chapter Three for details.  
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of the spine could not be sampled directly because they represented valuable anatomical 
specimens. However, osteophyte sampling was possible in two cases (n = 2) and formed 
part of the test of pathology-related intra-individual isotopic variability.  
 The third sample, referred to here as the Galler sample, is derived from the Galler 
Collection, a pathology reference series collected during the early twentieth century from 
autopsies conducted at the University Hospital in Zurich, Switzerland. The hospital 
served the larger Zurich area, which encompassed a mixed rural and urban white 
population of approximately one million adults and children (Rühli et al., 2003). The 
conditions present in this group include fracture trauma, cancer, tuberculosis, and bone, 
thyroid, and kidney disorders. Rather than entire skeletons, however, individuals in this 
series are represented by fragmentary bone pieces, slices, and sections. As a result, a 
single bone type could not be sampled consistently, and lesions of interest were usually 
not preserved. In one case, a section of femur and an associated hip fracture callus were 
sampled as part of the test of pathology-related intra-individual isotopic variability (n = 
1). Cortical bone samples from additional individuals were selected for bone collagen and 
structural carbonate analysis (n = 19) but because intra-individual sampling was not 
possible, and because the collection does not represent an archaeological population, 
these data were ultimately excluded from the body of this dissertation. The complete 
isotopic dataset, however, is recorded in the Appendices.  
 
1.4 Thesis organization  
 The body of this dissertation consists of three independent research articles 
intended for publication in peer-reviewed journals. Specific objectives are outlined at the 
beginning of each chapter, and descriptions of the skeletal subsamples used to address 
these research goals are provided together with relevant background information, isotopic 
theory, and methods of analysis.  
 Chapter Two examines the extent to which pathological bone conditions influence 
bone collagen intra-skeletal isotopic variability. Understanding the degree to which 
disease processes alter collagen isotopic compositions within individuals is key to 
9 
 
assessing the reliability of this tissue for paleodiet reconstruction. This analysis focuses 
on metabolic and degenerative diseases, fracture trauma, and non-specific infection 
(osteomyelitis) and inflammation (periostitis) using individuals from the Regensburg, 
Dalheim, and Galler samples. The impact of each disease on both carbon- and nitrogen-
isotope compositions is measured by comparing the isotopic composition of collagen 
extracted from bone lesions with that of collagen from other sites within the same 
individuals. Normal intra-skeletal variability is also tested for comparison.  
 Chapter Three further investigates the relationship between disease and bone 
collagen nitrogen-isotope compositions by determining the reliability of inter-individual 
comparisons. Inferring dietary differences from nitrogen isotopic data can be problematic 
if these signatures are altered by disease processes. In this chapter, the Regensburg 
sample is used to assess the impact of various conditions (i.e., metabolic, degenerative, 
congenital, and dental diseases, trauma, and non-specific evidence of infection, 
inflammation, and stress) on collagen nitrogen-isotope ratios. A second objective of this 
chapter is to provide insight into the medieval poorhouse population represented by the 
Regensburg sample. In addition to the collagen data, isotopic information from human 
bone structural carbonate and from archaeological faunal remains is combined in order to 
explore both dietary practices and residential mobility among the poorhouse residents.  
 Chapter Four examines the rural medieval community represented by the Dalheim 
sample using both collagen and structural carbonate analyses of human bone. The 
relationship between collagen isotopic compositions and pathological conditions are 
considered, but the dietary habits of the community form the focus of this chapter. 
Traditional methods and modeling techniques are used to contextualize the isotopic data 
in terms of other medieval European sites. The data are also considered in light of the 
medieval perspective on diet or the social rules that governed consumption. In addition, 
the geographic associations of individuals in the community are explored.  
 Chapter Five summarizes the objectives and conclusions of the three preceding 
chapters, and discusses the larger methodological and bioarchaeological contributions of 
the research. Possible future research directions are also considered. The Appendices 
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contain the isotopic data for all analyses, complete sex, age, and pathology profiles for 
the Regensburg, Dalheim and Galler samples, and photographs of the various bone 
lesions sampled as part of this research. 
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Chapter Two 
2 THE EFFECTS OF PATHOLOGY ON INTRA-SKELETAL 
ISOTOPIC COMPOSITIONS (δ
13
C, δ
15
N) OF BONE 
COLLAGEN 
 
2.1 Introduction 
  Isotopic variability in human tissues is regularly used to reconstruct diet with little 
knowledge of how much it might be affected by pathological conditions. Since Vogel and 
van der Merwe (1977), paleodiet reconstructions have relied on the assumption that you 
are what you eat, meaning that the carbon and nitrogen isotopic compositions of body 
tissues represent a record of the foods consumed when those tissues were formed. Stable 
isotope ratios are a measure of those compositions and are expressed in per mil (‰) as δ-
values:   
δ = (Rsample - Rstandard) / Rstandard, [Equation 2.1] 
where R = 
13
C/
12
C or 
15
N/
14
N, and the standard is an internationally accepted reference 
material, in this case, VPDB for carbon (Copeland, 1994) and AIR (atmospheric 
nitrogen) for nitrogen. The purpose of this research is to examine the extent to which 
pathological bone conditions influence isotopic intra-skeletal variability.  
  Natural variations in food web carbon- and nitrogen-isotope compositions 
(δ13Ccol, δ
15
Ncol) are traditionally used as the framework for interpreting human diet. 
Within a given ecosystem, a basic level of isotopic variation is determined by climatic 
and environmental influences on plant species, and by the photosynthetic and nitrogen-
fixing pathways employed by those plants (Ambrose, 1993). The isotopic compositions 
of plants are passed on to the tissues of the animals who consume them, with some 
degree of change, and then so on up the food chain. Bone collagen tends to be enriched in 
13
C and 
15
N relative to dietary sources (Ambrose, 1993).   
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 To some extent, the isotopic composition of collagen reflects that of dietary 
protein (Ambrose and Norr, 1993; Tieszen and Fagre, 1993; Jim et al., 2006). When 
dietary protein is inadequate, collagen synthesis also relies on carbohydrate and lipid 
macronutrients (Ambrose and Norr, 1993; Jim et al., 2006). Studies of collagen-derived 
amino acids show that the isotopic compositions of some amino acids (both essential and 
non-essential) undergo little change between the diet and the tissue, while that of other 
non-essential amino acids change substantially (Hare et al., 1991; Howland et al., 2003; 
Jim et al., 2006). The amino acids that show the greatest isotopic tissue-to-diet 
differences are synthesized by the body rather than routed directly from the diet (Jim et 
al., 2006). The internal synthesis of amino acids involves fractionations (separation of 
heavy from light isotopes) that enrich the end products relative to their precursors 
(Macko et al., 1986; 1987). Fractionations associated with other metabolic processes may 
also contribute to the enrichment of collagen relative to diet. The preferential removal of 
light isotopes (
12
C, 
14
N) in waste products such as respired CO2 and urine are thought to 
concentrate 
13
C and 
15
N within the body (DeNiro and Epstein, 1978; Ambrose and 
DeNiro, 1986; 1987), although some have argued against this idea (Sponheimer et al., 
2003).  
 Altered physiology or changes in normal metabolism also affect the isotopic 
composition of body tissues. Various physiological conditions have been associated with 
changes in the nitrogen-isotope composition of hair keratin and bone collagen including 
water stress (Ambrose and DeNiro, 1986, 1987), starvation (Fuller et al., 2005; Mekota et 
al., 2006), pregnancy (White and Armelagos, 1997; Fuller et al., 2004), and infectious 
diseases (Katzenberg and Lovell, 1999; Strange, 2006). Abnormal physiology has not 
been reported to affect tissue carbon-isotope ratios but recovery from starvation may be 
one exception (Mekota et al., 2006). In addition to changes in protein metabolism, 
disease states also affect bone turnover (Raisz, 2004). Turnover rates provide an 
interpretive timeframe for archaeologists, meaning that pathology-related changes to 
bone tissue could directly impact our understanding of collagen isotope ratios. Because 
the reaction of bone tissue to disease can vary, the extent to which physiology affects the 
isotopic composition of collagen requires fuller investigation. Here, isotopic intra-skeletal 
variability is examined for several pathological bone conditions, including metabolic and 
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degenerative disease, fracture trauma, and non-specific infection (osteomyelitis) and 
inflammation (periostitis), with a focus on isotopic differences between sites of bone 
pathology and unaffected areas.  
  
2.2 Background 
2.2.1 Protein metabolism  
 Changes in nitrogen-isotope compositions are linked to protein metabolism and 
nitrogen homeostasis. The rates of protein synthesis and breakdown are the same in 
healthy adults, meaning that nitrogen in the body is balanced by consumption and 
excretion (Kohlmeier, 2003). Imbalances in body nitrogen are associated with 
physiological conditions because protein metabolism is altered in response to those 
conditions (Rennie, 1985). In cases of starvation, infection and trauma, more nitrogen is 
lost to excretion than can be replaced by consumption. This results in negative nitrogen 
balances (Champe et al., 2008), and negative balances have been associated with 
increases in tissue nitrogen-isotope ratios (e.g., Katzenberg and Lovell, 1999). When 
dietary protein is inadequate, collagen synthesis must rely on the amino acids recycled 
from existing muscle protein. This pool of nitrogen is enriched in 
15
N because illness and 
injury coincide with protein catabolism, resulting in the loss of nitrogen in urine, which is 
15
N-depleted (Ambrose and DeNiro, 1986, 1987; Hobson et al., 1993; Katzenberg and 
Lovell, 1999).  
 Positive nitrogen balances occur when more nitrogen is consumed than excreted, 
and they are linked to periods of illness recovery and tissue growth (e.g., in childhood or 
during pregnancy) (Champe et al., 2008). Decreases in tissue nitrogen-isotope ratios have 
been related to positive nitrogen balances (e.g., Fuller et al., 2004). Lower tissue protein 
δ15N values are thought to result from increased assimilation of dietary amino acids that 
are less enriched in 
15
N, and from the return of 
14
N to the metabolic pool from the colon 
through a process known as urea salvage, which may increase during periods of positive 
nitrogen balance (Fuller et al., 2004).  
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2.2.2 Bone turnover 
 The turnover rate of bone provides an interpretive timeframe for archaeologists 
because the isotopic composition of bone collagen reflects the contributions of diet and 
the effects of metabolism during the time that those tissues were formed. Estimating a 
general rate of turnover, however, is complicated by a number of factors including 
differences by tissue type, skeletal function, age, sex, and health.  
 Cortical bone turns over more slowly than trabecular bone because it is not 
involved in mineral metabolism (calcium homeostasis requires faster turnover from 
trabecular bone) and slower remodeling is adequate for maintaining its biomechanical 
strength (Parfitt, 1996). Estimates of complete skeletal turnover for trabecular bone range 
from 3-4 years, whereas complete cortical bone turnover likely takes more than 25 years 
(Frost, 1969; Parfitt, 1983; Martin et al., 1998; Hollinger, 2005; Hedges et al., 2007). 
Biomechanical load, or the stress placed on bones as a part of normal functioning (e.g., 
walking) also affects the rate of bone turnover (Rubin and Lanyon, 1984; Schaffler and 
Burr, 1984). Skeletal elements that receive more load (e.g., weight-bearing bones) are 
expected to have higher turnover rates due to accumulating strain/damage, which triggers 
the remodelling process (Cho and Stout, 2011).  
 Bone turnover is also affected by age and sex differences. The rate of bone 
turnover is significantly higher during early childhood and at puberty than during 
adulthood (Frost, 1969; Mora et al., 1998). Peak bone turnover occurs in adolescent girls 
before boys, but young men (~20 to 30 years) experience greater turnover than women of 
the same age (Seibel, 2005; Hedges et al., 2007). Adult bone turnover remains fairly 
constant until about age 50 when increases occur again in both men and women (Seibel, 
2005). Because menopause significantly increases the rate of turnover, older women 
experience more pronounced turnover than men in the same age group (Garnero et al., 
1996).  
 Poor nutrition affects bone remodeling, and dietary imbalances of certain 
nutrients (e.g., calcium, phosphorous, vitamin D, etc.) have detrimental effects on normal 
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bone mineralization and turnover (Robins and New, 1997). In addition, bone responds to 
injury or disease through self-destruction (resorption) and/or formation of new bone 
(Roberts and Manchester, 2005). In situations where new bone is produced (e.g., 
osteophytes, fracture calluses, osteomyelitis and periostitis) woven bone is laid down first 
and later replaced by lamellar bone. Woven bone is a developmentally immature tissue, 
while lamellar bone is a mature tissue that comprises both cortical and trabecular bone. 
The protein component of both woven and lamellar bone consists primarily of Type I 
collagen, but the fibers in woven bone are disorganized, making it a more fragile tissue 
(Safadi and Khurana, 2010). Understanding remodeling at pathology-related sites of new 
bone formation is particularly important in establishing the link between disease and the 
isotopic composition of collagen.  
 
2.3 Materials and Methods  
2.3.1 Sample  
The sample used in this study is derived from three skeletal collections. The bulk 
of the sample originates from a twelfth to sixteenth century poorhouse cemetery in 
Regensburg, Germany but also includes individuals from a ninth to fifteenth century 
parish church cemetery in Dalheim, Germany, and one individual from the Galler 
anatomy collection, a modern/historic Swiss skeletal assemblage. Age and sex 
distributions are provided in Table 2.1.  
 A sample subset was used to assess normal variability within the skeleton. It was 
not possible to select individuals entirely free of skeletal pathology. For example, most of 
the adult skeletons exhibited some form of age-related joint degeneration. However, the 
selected skeletal elements exhibited no visible pathology. Collagen was extracted from 
the cortical bone of two sections on the same rib (n = 6), from related rib, metacarpal and 
fibula bones (n = 6), and from related rib and vertebra bones (n = 10).  
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Table 2.1: Age and sex distributions for the Regensburg, Dalheim, and Galler 
skeletal collections 
Age Age Range Regensburg Dalheim Galler Total 
Young child 0-6 years 4   4 
Older child 7-12 years 2 1  3 
Older child/ 
Adolescent 
 
1   
1 
Adolescent 13-20 years 2   2 
Adult 21-40 years 14 1  15 
Adult/Mature adult  2   2 
Mature adult 41-60 years 13 6  19 
Mature/Elderly adult  5 1  6 
Elderly adult 60+ years 2 2  4 
Unknown   2 1 3 
     (n=59) 
Sex      
Males  18 7  25 
Probably Male  2   2 
Females  17 3  20 
Probably Female  3 2  5 
Unknown  5 1 1 7 
     (n=59) 
○
Kristen von Heyking, Ludwig-Maximilians University (Munich), determined age and 
sex for individuals in the Regensburg sample.  
□
Dr. Frank Rühli, Institute of Anatomy, University of Zurich
 
determined age and sex for 
individuals in the Dalheim sample.  
 
Bone diseases present in the sample include metabolic disease (n = 6), 
degenerative joint disease (n = 8), fracture trauma (n = 11), non-specific infection 
(osteomyelitis, n = 6), and non-specific inflammation (periostitis, n = 18). “Non-specific” 
refers to the fact that the exact causes of infection and inflammation are unknown. In 
order to compare the isotopic composition of cortical bone collagen from the same 
individual between areas of bone affected by pathology and unaffected areas, one bone 
(normally a rib) was selected from each individual to serve as a non-lesion or “distant-
bone” sample. In each case, a “lesion” or area of bone exhibiting pathology, and a “near-
lesion”, or a non-affected area of bone adjacent to the lesion were also sampled. Lesions 
included osteophytes, fracture calluses, areas of reactive bone (osteomyelitis), and 
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abnormal new bone (periostitis). Two bones (one weight-bearing) were sampled for 
comparison in the six cases of metabolic disease given that rickets/osteomalacia affects 
the whole skeleton and is not suited to lesion/non-lesion sampling.  
  
2.3.2 Analytical procedures 
 Cortical bone collagen was extracted using a modified Longin method (Longin, 
1971; DeNiro and Epstein, 1978; Chisholm et al., 1983) and analyzed for its stable 
carbon- and nitrogen-isotope compositions. Samples of bone weighing about ~1.0 g were 
ground and placed in 0.5 M HCl solution until the mineral component dissolved. Humic 
contaminants were removed using a solution of 0.1 M NaOH (Schoeninger and DeNiro, 
1984). The collagen was then solubilized for sixteen hours in 0.001 M HCl in a 90C 
oven. Collagen was analyzed using a Costech elemental combustion system coupled with 
a ThermoFinnigan Delta Plus XL stable isotope ratio mass spectrometer (IRMS).  
The δ13C values were calibrated to VPDB using NBS-22 (–30.03‰) and IAEA-
CH-6 (+10.45‰). USGS-40 and USGS-41 were analyzed to verify the calibration curve. 
The former had a δ13C value of −26.39 ± 0.08‰ (mean ± SD; n = 18), as compared to its 
accepted value of –26.39‰. The latter had a δ13C value of +37.43 ± 0.20‰ (n = 15), as 
compared to its accepted value of +37.63‰. For most analyses, sample δ15N values were 
calibrated to AIR using IAEA-N1 (+0.4‰) and IAEA-N2 (+20.3‰). USGS-40 was 
analyzed to verify the calibration curve and had a δ15N value of –4.52 ± 0.08‰ (n = 2), as 
compared to its accepted value of –4.5‰. For the last four analytical sessions, δ15N 
values were calibrated to AIR using USGS-40 (–4.5‰) and IAEA-N2 (+20.3‰). USGS-
41 was analyzed to verify this calibration curve and had a δ15N value of +47.37 ± 0.28‰ 
(n = 15), as compared to its accepted value of +47.6‰. A keratin standard (#902111, MP 
Biomedicals) was analyzed every ~four to five samples throughout all analytical sessions. 
The mean δ13C and δ15N values of the keratin standard (n = 90) were –24.06 ± 0.03‰ 
and +6.31 ± 0.07‰, as compared to its accepted values of -24.04‰ and +6.36‰.  
 Duplicate analyses were conducted on >10% of randomly selected samples 
(n=25/201). The average reproducibility of isotopic measurements from replicate 
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analyses of the same extraction of collagen was ±0.02‰ for δ13Ccol values, and ±0.05‰ 
for δ15Ncol values (n = 18; 36 analyses). Replicate analyses on a completely independent 
extraction of collagen had an average reproducibility of ±0.04‰ for δ13Ccol values, and 
±0.09‰ for δ15Ncol values (n = 7; 14 analyses). Sample information and isotopic data are 
provided in Table A.1-2, Appendix A. 
 Excellent sample preservation is indicated by both collagen yield and 
carbon/nitrogen (C/N) ratios. The minimum acceptable collagen yield is 1% (van 
Klinken, 1999), and collagen yields for samples in this study ranged from 2.7 to 25.6% 
(mean = 14.7 ± 6.2% SD, n = 201). De Niro (1985) determined that the acceptable range 
in C/N ratios for archaeological bone is 2.9 to 3.6, and the C/N ratios here ranged 
between 3.0 and 3.3 (mean = 3.1 ± 0.05 SD, n = 201). 
  
2.4 Results  
2.4.1 Normal variability 
Collagen was extracted from a sample subset of related skeletal elements in order 
to assess the natural or normal variability within the skeleton. Isotopic compositions are 
provided in Tables B.1-3, Appendix B, and the per mil differences between various 
elements are listed in Table 2.2. The difference in isotopic compositions between two 
elements was calculated as follows:  
∆13C1-2 = δ
13
Cskeletal element1 - δ
13
Cskeletal element2,  [Equation 2.2]; 
∆15N1-2 = δ
15
Nskeletal element1 - δ
15
Nskeletal element2  [Equation 2.3] 
 Analytical reproducibility is also provided in Table 2.2. To calculate 
reproducibility, or the precision error associated with mass spectrometer analysis, the 
isotopic composition of a sample was analyzed twice, using two separate extractions of 
collagen (see Section 2.4.2). In some cases, the mean for an intra-individual comparison 
exceeds that of analytical reproducibility, suggesting that there may be minor differences 
in isotopic composition between related skeletal elements.  
22 
 
Table 2.2: Intra-individual differences in collagen δ13Ccol and δ
15
Ncol values for 
related skeletal elements 
Analytical 
Repro-
ducibility 
Intra-rib 
Rib to 
Metacarpal 
Rib to 
Fibula 
Rib to 
Vertebra 
Metacarpal 
to Fibula 
∆13C ∆15N ∆13C ∆15N ∆13C ∆15N ∆13C ∆15N ∆13C ∆15N ∆13C ∆15N 
0.01 0.01 0.04 0.01 0.03 0.05 0.06 0.31 0.00 0.01 0.00 0.09 
0.02 0.05 0.06 0.17 0.04 0.22 0.06 0.37 0.02 0.04 0.01 0.15 
0.04 0.11 0.06 0.22 0.07 0.22 0.13 0.38 0.03 0.09 0.02 0.15 
0.05 0.15 0.09 0.29 0.11 0.37 0.18 0.46 0.06 0.10 0.07 0.33 
0.06 0.25 0.10 0.38 0.17 0.38 0.26 0.55 0.07 0.33 0.15 0.68 
0.18 0.27 0.12 0.53 0.27 0.52 0.27 0.81 0.14 0.45 0.16 0.86 
0.18 0.38       0.18 0.47   
        0.19 0.49   
        0.21 0.55   
Mean:       0.37 0.72   
0.08 0.17 0.08 0.27 0.12 0.29 0.16 0.48 0.13 0.32 0.07 0.38 
 
2.4.2 Pathology-related variability  
 Collagen was extracted from two sites on the skeleton for individuals with 
metabolic disease (rickets/osteomalacia) and three intra-skeletal sites for the remaining 
disease categories whenever possible. Near-lesion sites were not accessible in every case. 
In addition, collagen was sometimes extracted more than once from the same lesion, or 
from two or three different near-lesion areas. Sample descriptions and isotopic data are 
provided in Tables C.1-5, Appendix C. Photographs of the pathological bone sampled as 
part of this research appear in Table D.1-5, Appendix D.  
 Intra-skeletal differences for individuals with rickets/osteomalacia are illustrated 
in Figures 2.1 A/B. Isotopic differences between ribs and femora are negligible for 
carbon-isotope compositions, and although they are slightly different for nitrogen-isotope 
compositions, it is likely that these differences are explained by analytical error. Tremmel 
(2008) determined histologically that the disease was active at the time of death in two 
individuals (Reg-214 and Reg-297) but active/inactive states are not discernible in the 
isotope data.  
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Figure 2.1: Intra-individual collagen (A) δ13C and (B) δ15N values for ribs and 
femora exhibiting rickets/osteomalacia.
1
  
                                                 
1
 A metatarsal was analyzed in place of a rib for individual Reg-139. 
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 The δ13Ccol values for osteophytes (lesion), nearby bone (near-lesion), and 
distantly related bone are very similar in the degenerative disease group (Figure 2.2A). In 
contrast, lesion δ15Ncol values tend to be greater than their distant-bone counterparts, 
although there are some exceptions (Figure 2.2B). Near-lesion δ15Ncol values are variable. 
A site of eburnation replaced an osteophyte in one analysis (Reg-144) but the intra-
skeletal variability for this individual, a suspected case of rheumatoid arthritis, is no 
different isotopically from the rest of the group. Arthritis in two of the individuals (Reg-
361 and Reg-374) likely stemmed from earlier traumas but neither case has 
distinguishing isotopic compositions. No differences in the isotopic data are related to 
joint type (cartilaginous and synovial).  
 No intra-skeletal differences in δ13Ccol values are apparent in fracture trauma 
category (Figure 2.3A). However, lesion δ15Ncol values derived from fracture calluses 
tend to be greater than their near-lesion and distant-bone counterparts (Figure 2.3B). A 
significant difference at the p < 0.05 level was found using a one-way analysis of 
variance (ANOVA) test to compare δ15Ncol values of lesion, near-lesion, and distant-bone 
collagen [F(2, 44) = 4.99, p = 0.01]. A post hoc comparison using the Tukey HSD test 
indicated that lesion collagen has significantly higher δ15Ncol values (mean = 12.01 ± 
0.50‰ SD) than near-lesion collagen (mean = 11.48 ± 0.49‰ SD) at the p < 0.01 level. 
The  remaining comparisons were not significant. These results indicate that collagen 
from fracture calluses is isotopically distinct from nearby bone. Interestingly, the 
individual with the most fragile, least remodeled fracture callus had the largest lesion to 
near-lesion difference in δ15Ncol values (Gal-642, ∆
15
N = 1.2‰).  
 Figures 2.4 A/B illustrate intra-individual variability for individuals with non-
specific infection (osteomyelitis). Here, lesion collagen tends to have slightly higher 
δ13Ccol values relative to distant-bone collagen. Near-lesion δ
13
Ccol values match that of 
lesion collagen or are lower relative to values for both lesion and distant-bone collagen. 
These same trends are pronounced in the nitrogen-isotope data where the largest 
difference between distant-bone and lesion collagen is 2.5‰ (Reg-56). A one-way 
ANOVA test to compare δ15Ncol values among lesion, near-lesion, and distant-bone 
collagen found a significant difference at the p < 0.05 level [F(2, 21) = 5.59, p = 0.01].  
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Figure 2.2: Intra-individual collagen (A) δ13C and (B) δ15N values for lesion 
osteophyte), near-lesion, and distant-bone samples from skeletons with degenerative 
joint disease.
1
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 A site of eburnation was analyzed in place of an osteophyte for Reg-144.  
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Figure 2.3: Intra-individual collagen (A) δ13C and (B) δ15N values for lesion (callus), 
near-lesion, and distant-bone samples from skeletons with fracture traumas. 
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Figure 2.4: Intra-individual collagen (A) δ13C and (B) δ15N values for lesion 
(reactive bone), near-lesion, and distant-bone samples from skeletons with 
osteomyelitis. 
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A Tukey HSD post hoc comparison indicated that lesion collagen has significantly 
greater δ15Ncol values (mean = 12.03 ± 0.46‰ SD) than distant-bone collagen (mean = 
10.89 ± 1.01‰ SD) at the p < 0.01 level. Thus, collagen from osteomyelitic lesions is 
isotopically distinct from distantly related bone. No other comparisons were significant.  
 The lesions in the non-specific inflammation (periostitis) category include 
abnormal new bone deposits on tibiae, femora and fibulae. No intra-skeletal differences 
in δ13Ccol values are evident (Figure 2.5A), while δ
15
Ncol values are more variable (Figure 
2.5B). The intra-individual relationships in collagen isotopic compositions between areas 
of periostitis, neighbouring bone, and distantly related bone are diverse but generally 
small (i.e., low ∆15N values). The largest intra-skeletal isotopic differences are associated 
with active lesions (Reg-65, Reg-107, and Reg-155) but other active and inactive lesions 
in the subsample exhibited similar isotopic variability.  
 
2.5 Discussion 
2.5.1 Intra-individual isotopic variability  
 In general, intra-skeletal variability is low in the sample subset of related 
pathology-free skeletal elements. Box plots in Figures 2.6 A/B illustrate the range in 
isotopic differences between skeletal element pairs (∆13C & ∆15N). Box plot whiskers 
indicate the smallest and largest observed differences between two elements, representing 
one quarter of the calculated differences at each end of the box plot. The remaining 
differences (50% of the data) are represented by the box itself, which is divided by the 
sample median line. Means and outliers are represented by ‘x’ and ‘o’ respectively.  
 Much of the isotopic variation between sample pairs can be explained by the 
analytical error associated with carbon and nitrogen isotopic analysis. The fact that some 
of the variations measured for intra-individual comparisons exceed analytical error 
indicates that there may be a small degree of normal intra-skeletal isotopic variability. No 
age or sex effects were associated with increasing ∆13C or ∆15N values, and no single 
individual had consistently large intra-individual ∆13C and ∆15N values. 
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Figure 2.5: Intra-individual collagen (A) δ13C and (B) δ15N values for lesion 
(abnormal new bone), near-lesion, and distant-bone samples from skeletons with 
periostitis. 
-23.0
-22.0
-21.0
-20.0
-19.0
-18.0
-17.0
-16.0
δ13C 
(VPDB, ‰)
lesion near lesion distant bone
A
Burial Ids
R
e
g
-4
7
R
e
g
-5
3
R
e
g
-6
5
R
e
g
-8
6
R
e
g
-9
6
R
e
g
-1
0
7
R
e
g
-1
2
1
R
e
g
-1
5
5
R
e
g
-2
1
2
R
e
g
-3
1
7
R
e
g
-1
4
R
e
g
-3
7
0
b
R
e
g
-3
9
8
R
e
g
-3
7
4
R
e
g
-3
1
8
R
e
g
-3
5
8
R
e
g
-4
0
1
R
e
g
-3
6
8
7.0
8.0
9.0
10.0
11.0
12.0
13.0
14.0
δ15N 
(AIR, ‰)
lesion near lesion distant bone
B
Burial Ids
R
eg
-1
4
R
eg
-4
7
R
eg
-5
3
R
e
g-
6
5
R
eg
-8
6
R
eg
-9
6
R
eg
-1
0
7
R
e
g-
1
2
1
R
eg
-1
55
R
eg
-2
12
R
eg
-3
17
R
eg
-3
1
8
R
eg
-3
58
R
eg
-3
68
R
eg
-3
7
0
b
R
e
g-
3
7
4
R
eg
-3
9
8
R
eg
-4
0
1
30 
 
 
 
Figure 2.6: Intra-skeletal differences in collagen (A) carbon- and (B) nitrogen-
isotope compositions for related bones in a sample subset lacking pathology.
1
  
                                                 
1
 Analytical reproducibility is shown by the un-shaded box plot. Boxes are divided by the sample median, 
‘x’ indicates group mean, and whiskers indicate minimum and maximum values, excluding outliers (open 
circles). 
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 Intra-skeletal isotopic variability between cortical and trabecular bone has been 
found in previous studies (Sealy et al., 1995; Cox and Sealy, 1997; Cox et al., 2001). In 
the present study, however, trabecular bone was carefully removed from cortical bone 
before each sample was processed. Admittedly, this was difficult for vertebrae samples 
because the cortical bone was thin and delicate. Trabecular bone remodels more quickly 
than cortical bone and therefore represents a more recent period in an individual’s 
lifetime (Sealy et al., 1995). If some trabecular bone contamination did occur, the larger 
isotopic differences between some rib and vertebra pairs might arise from differences in 
remodeling rates. 
  Differences in remodeling rates could also explain some of the larger ∆13C and 
∆15N values between rib, metacarpal, and fibula cortical bones but remodeling data for 
specific elements in healthy adults is minimal. Frost (1969) found that cortical bone 
turnover in ribs is about 1.8 ± 0.6% per year in adults from 30 to 39 years of age. Parfitt 
(1983) estimated that rib cortical bone turnover is closer to 4% per year, while the same 
turnover in the appendicular skeleton is about 2% per year. Ribs are thought to remodel 
faster than other bones because of the constant biomechanical loading stress associated 
with respiration (Cho and Stout, 2011). It is not clear, however, if small percentage 
differences in turnover rates would have a noticeable effect on the isotopic compositions 
of individual skeletal elements. Jørkov et al. (2007) found no isotopic differences 
between ribs and femora of medieval Danish skeletons and suggest a long-term, 
isotopically uniform diet could also produce this effect.  
 Establishing a range for normal variability within and between skeletal elements 
is important when assessing the impact of disease states on the isotopic composition of 
collagen. In this research, average ranges of intra-rib ∆13C and ∆15N values are 0.1‰ and 
0.3‰. These results are similar to those of Katzenberg and Lovell (1999) who reported 
average ranges of intra-element variability in ∆13C and ∆15N values of 0.3‰ and 0.2‰, 
respectively. For the remainder of this discussion, normal variability will be represented 
by the combined subset of pathology-free intra-skeletal comparisons (n = 34; ∆13C mean 
= 0.11‰, range = 0.0 to 0.37‰; ∆15N mean = 0.34‰, range = 0.0 to 0.86‰). Differences 
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between skeletal elements in the various disease categories that are larger than the range 
for normal variability will be considered unusual.  
 
2.5.2 Metabolic disease 
The shaded box plots in Figures 2.7 A/B depict the range in per mil differences 
between paired rib and femur collagen for the rickets/osteomalacia group. Although rib-
to-femur differences were larger for nitrogen- than for carbon- isotopic compositions 
(∆15N, ∆13C), neither range extends beyond that of normal variability. Therefore, no 
significant differences in isotopic composition exist between related skeletal elements for 
individuals with rickets/osteomalacia.  
 Over time, deficiency in vitamin D leads to softened bones and bowing 
deformities in children because it is required in mineralization of the organic component 
(osteoid) of bone (Lewis, 2007). If the deficiency develops in adulthood, collapsed  
vertebrae and a deformed pelvis are common results (Roberts and Manchester, 2005). 
Although vitamin D deficiency increases bone turnover (Baroncelli et al., 2000; Sahota et 
al., 1999) and produces a state of negative nitrogen balance (Verma et al., 1973), 
differences in isotopic composition between rib and femur collagen were not expected 
because collagen itself is not altered in the disease process, and the entire skeleton is 
affected by the deficiency.  
 
2.5.3 Degenerative disease  
 Figures 2.8 A/B show isotopic differences between paired collagen samples for 
individuals with degenerative joint disease. None of the comparisons exceed the range of 
normal variability, which indicates that there are no intra-skeletal differences in carbon- 
or nitrogen-isotope compositions.  
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Figure 2.7: Intra-skeletal differences in (A) carbon- and (B) nitrogen-isotope 
compositions of rib and femur collagen from skeletons with rickets/osteomalacia 
(shaded box plots).
1
 
                                                 
1
 A metatarsal rather than a rib was analyzed in one case. Analytical reproducibility and normal variability 
are shown by the un-shaded box plots. Boxes are divided by the sample median, ‘x’ indicates group mean, 
and whiskers indicate minimum and maximum values, excluding outliers (open circles).  
0.0
0.5
1.0
1.5
2.0
∆13C
A
(‰)
Rib -
Femur*
(n=6)
Analytical 
reproducibility 
(n=7) 
Normal 
variability    
(n=34) 
0.0
0.5
1.0
1.5
2.0
Rib -
Femur*
(n=6)
Analytical 
reproducibility 
(n=7) 
B
∆15N
Normal 
variability 
(n=34) 
(‰)
34 
 
 
 
Figure 2.8: Intra-skeletal differences in (A) carbon- and (B) nitrogen-isotope 
compositions for lesion (osteophyte), near-lesion, and distant-bone collagen from 
skeletons with degenerative joint disease (shaded box plots).
1
 
                                                 
1
 A site of eburnation was analyzed in one case. Analytical reproducibility and normal variability are shown 
by the un-shaded box plots. Boxes are divided by the sample median, ‘x’ indicates group mean, and 
whiskers indicate minimum and maximum values, excluding outliers (open circles).  
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 Osteoarthritis is not associated with changes in normal protein metabolism. 
Rather, the bony outgrowths or osteophytes indicative of degenerative joint disease 
develop in response to biomechanical stress on a joint, usually with advancing age (Hilel, 
1962; O'Neill et al., 1999). Their formation is similar to that of a healing fracture callus 
(cartilage produced first and then replaced by bone) but without the associated 
inflammatory response (van der Kraan and van den Berg, 2007). Given that osteophytes 
develop gradually and not in conjunction with periods of nitrogen imbalance, the isotopic 
similarity between osteophyte collagen and unaffected areas of bone is not surprising.  
 Osteoarthritis commonly occurs in the hands and feet as well as weight-bearing 
joints (hips, knees, spine) (Anandarajah, 2011). As the cartilage of a joint deteriorates, the 
bone underneath is exposed, and becomes hard (sclerosis) and polished (eburnation) 
(Roberts and Manchester, 2005). The site is also subject to increased bone turnover 
(Mansell and Bailey, 1998; Vigorita, 2008). One site of eburnation was analyzed in the 
degenerative joint group (Reg-144). Its δ15Ncol value was higher than its near- lesion and 
distant-bone counterparts but the intra-individual variability was not obviously different 
from the other cases in the degenerative joint category.  
 Some conditions that also lead to joint degeneration include infection (septic 
arthritis), immune disease (rheumatoid arthritis), and trauma (in some cases). These 
inflammatory conditions are associated with negative nitrogen balances (Douglas and 
Shaw, 1989; Roubenoff, 2008). Thus, it may be possible for the isotopic composition of 
osteophyte collagen to reflect nitrogen imbalances if they formed in relation to these 
conditions. There is a weak trend in the nitrogen isotopic data for lesion collagen to have 
higher δ15Ncol values than non-lesion collagen. However, intra-skeletal variability for the 
one case of possible rheumatoid arthritis (Reg-144), and for the individuals who 
developed osteophytes after trauma (Reg-361 and Reg-374), are no different isotopically 
than individuals with traditional osteoarthritis.  
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2.5.4 Fracture trauma 
 Figures 2.9 A/B depict the isotopic differences between collagen pairs for 
individuals with fracture calluses. Carbon-isotope compositions do not differ between 
lesion, near-lesion, and distant-bone sites. In contrast, differences in nitrogen-isotope 
compositions exceed the range of normal variability. The ∆15N values show that 
unaffected areas of bone (near-lesion and distant-bone) are commonly isotopically similar 
to one another, while lesion collagen is isotopically distinct from unaffected areas in 
some but not all cases.  
 Trauma is a major disruption in the body’s normal metabolism (Bronk, 1999). 
Injuries like fractures result in states of hyper-metabolism (Dominiczak, 2005). Muscle 
protein catabolism increases dramatically, with the most severe injuries having the 
highest rates of catabolism (Long et al., 1981; Yu et al., 1999). The metabolic response is 
associated with increased urinary nitrogen excretion, and a net protein loss or negative 
nitrogen balance within two to three days (Howard, 1945; Dominiczak, 2005; Ljungqvist 
et al., 2005). During the recovery period, the body maintains a highly active metabolic 
state and demands on muscle protein continue to be elevated (Bronk, 1999). Howard 
(1945) reported negative nitrogen balances lasting for about five weeks in clinical cases 
of fracture, followed by minimal positive nitrogen balances in months afterwards. 
However, treatment with dietary protein supplements have been found to reduce the 
period of negative nitrogen balance experienced by fracture patients (Stableforth, 1986). 
Bed rest in itself can also produce negative nitrogen balances and lead to increased bone 
resorption and loss in bone density (Scheld et al., 2001).  
 If negative nitrogen balances last for the majority of time in which fracture 
calluses form, increased δ15Ncol values for lesion (callus) collagen like those observed 
here are to be expected. The changes in protein metabolism associated with trauma result 
in the breakdown and loss of body protein, leading to 
15
N-enrichment of amino acids 
available for collagen synthesis at the site of the fracture. Contrary to their own 
expectations, Katzenberg and Lovell (1999) found that the isotopic composition of 
collagen from the fracture callus of a hospital cadaver had a lower δ15Ncol value than  
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Figure 2.9: Intra-skeletal differences in (A) carbon- and (B) nitrogen-isotope 
compositions for lesion (callus), near-lesion, and distant-bone collagen from 
skeletons with fracture traumas (shaded box plots).
1
 
                                                 
1
 Analytical reproducibility and normal variability are shown by the un-shaded box plots. Boxes are divided 
by the sample median, ‘x’ indicates group mean, and whiskers indicate minimum and maximum values, 
excluding outliers (open circles).  
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nearby unaffected areas of bone. They speculated that changes in diet during the healing 
process could have produced this result.  
 There are several stages of fracture healing and repair takes about six to eight 
weeks on average (Sfeir et al., 2005). The initial inflammatory phase lasts less than a 
week and involves blood clot formation and immune cell migration. In the reparative 
phase, the blood clot is replaced by fibrous connective tissue that, in turn, is replaced by 
cartilage and then woven bone (Revell, 1986). In the final remodeling phase, woven bone 
is replaced by lamellar bone and remodeling restores the bone to its original shape (Augat 
and Ryaby, 2001). The rate of bone turnover increases after fracture (Ingle et al., 1999; 
Veitch et al., 2006) and bone remodeling at the site may be accelerated for several years 
after the event (Wendeberg, 1961). See Marsell and Einhorn (2011) for a detailed review 
of the biological process involved in fracture healing.   
 Remodeling rate differences at the fracture site could explain why callus collagen 
and neighbouring sites of bone commonly have distinct δ15Ncol values. The callus and 
nearby bone of Gal-642 have the largest ∆15N (1.2‰) in the trauma group. This 
individual suffered from a femur fracture that did not heal completely before death (see 
Table D.3, Appendix D, photographs 11 A/B). Thus, the callus collagen could represent 
the period of negative nitrogen balance experienced before death as a result of that 
trauma, while near-lesion collagen reflects an earlier period in life. The remaining 
fractures in this category have undergone more substantial remodeling. As fracture sites 
remodel over time, the δ15Ncol values would reset to reflect the current physiological 
conditions and the effects of the trauma (protein metabolism) on callus isotopic 
compositions would become less pronounced.  
 The rate of fracture repair differs depending on the extent of soft tissue damage, 
the mechanical stability and revascularization of the site, and patient nutrition before and 
after the incident (Kakar and Einhorn, 2004; Sfeir et al., 2005; Marsall and Einhorn, 
2011). Clinical studies suggest that the repair rate is also progressively reduced with 
advancing age (e.g., Gruber et al., 2006; Parker et al., 2007), and rodent models have 
been used to investigate the causes of this prolonged healing among the elderly. For 
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example, Lu et al. (2005) found that the cellular processes involved in fracture repair 
were delayed among older mice, while Mehta et al. (2010) demonstrated that senior rats 
had less mineralized and weaker calluses in comparison to young rats after the same 
period of healing. In the sample of fractures tested here, age estimates were possible for 
ten out of the eleven people, and all ten had visibly similar, well-healed calluses. At 
death, five of these individuals were between 25 - 40 years old, while the remaining 
individuals were between 40 - 70 years of age. Small differences were found between the 
two age groups in terms of callus collagen nitrogen-isotope compositions. The 
differences between lesion and distant-bone sites (+0.5‰) and between lesion and near-
lesion sites (+0.5‰) were larger in the older age group than the same measures among 
the younger age group (+0.3 and +0.4‰ respectively). This finding may represent slower 
fracture healing time among older individuals given that higher callus δ15Ncol values 
likely reflect the negative nitrogen balances produced by trauma. However, radiological 
analyses are necessary in order to provide accurate estimates of callus age. Prosser et al., 
(2012) and Riegger et al. (2012) use digital radiographs and CT scans respectively in 
order to assess rates of fracture healing. In the future, similar types of radiological 
assessments employed prior to isotopic analysis may prove useful in elucidating the 
relationship between callus age, individual age, and collagen isotopic compositions.   
   
2.5.5 Non-specific infection (osteomyelitis)  
 Figures 2.10 A/B illustrate isotopic differences between paired collagen samples 
for individuals with osteomyelitic lesions. Because the range of ∆13C values exceeds that 
of normal variability, it is clear that the carbon-isotope composition of lesion collagen is 
distinct from that of nearby and distantly related bone. The isotopic similarity of near- 
lesion and distant-bone collagen emphasizes this difference. Intra-skeletal ∆15N values 
for individuals with osteomyelitis are the largest observed in any disease category, 
greatly exceeding that of normal variability. Lesion collagen tends to have higher δ15N 
values relative to distant-bone and, in some cases, near-lesion collagen. 
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 One-way ANOVA tests were used to identify differences between the intra-
skeletal comparisons and normal variability, and significant variation was found for both 
carbon-isotope [F(2, 52) = 4.08, p = 0.01], and nitrogen-isotope [F(2, 52) = 4.99, p = 
0.001] compositions. Tukey post-hoc comparisons found that the isotopic differences 
between lesion and distant-bone collagen are significantly different from natural 
variability in both cases. The ∆13C values for lesion/distant-bone collagen (mean = 0.27 ± 
0.13‰ SD) are larger than the ∆13C values of normal variability (mean = 0.11 ± 0.09‰ 
SD) at the p < 0.02 level. The same is true for the ∆15N values of lesion/distant-bone 
collagen (mean = 1.14 ± 0.66‰ SD) relative to normal variability (mean = 0.35 ± 0.23‰ 
SD) at the p < 0.001 level. Together, these results indicate that the carbon and nitrogen 
isotopic compositions of collagen from osteomyelitic lesions are isotopically distinct 
from distantly related bone. No other comparisons were significant.  
 Very few near-lesion collagen samples were tested in the non-specific infection 
group (n = 4). In two cases, the δ15Ncol value of near-lesion collagen was identical to that 
of lesion collagen. This isotopic similarity (small ∆15N ) might be explained by sampling 
error. Near-lesion sites were chosen based on visible lack of pathology but if the chosen 
area was affected and not yet showing obvious signs of pathology, unintentional intra-
lesion sampling may have occurred.  
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Figure 2.10: Intra-skeletal differences in (A) carbon- and (B) nitrogen-isotope 
compositions for lesion (reactive bone), near-lesion, and distant-bone collagen from 
skeletons with osteomyelitic lesions (shaded box plots).
1
 
                                                 
1
 Analytical reproducibility and normal variability are shown by the white box plots. Boxes are divided by 
the sample median, ‘x’ indicate group mean, and whiskers indicate minimum and maximum values, 
excluding outliers (open circles). 
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 Osteomyelitis is commonly referred to as non-specific infection because the 
actual cause of the disease cannot be identified in archaeological remains. However, 
bacteria such as Staphyloccus aureus are the most common causative agents of 
osteomyelitis in modern patients (Wheat, 1985). Bacteria are normally spread to bone 
marrow via the bloodstream or through direct injury, and pus generated by immune cells 
during the inflammatory response spreads to vascular channels, impairs blood flow, and 
results in the death of bone tissue (Lew and Waldvogel, 1997). Attempts to repair the 
affected bone involve the deposition of woven bone on the external cortical surface, 
which is later replaced by lamellar bone through remodeling (Roberts and Manchester, 
2005). Osteomyelitis may manifest as reactive bone in the marrow and on the outer 
surface but in classic cases, the end result is an enlarged or deformed bone with areas of 
necrosis (sequestra), reactive new bone (involucrum), and passageways between the 
marrow and exterior (cloacae) through which pus is released (Ortner, 2003).  
 The general metabolic changes that result from infection are similar to those of 
physical trauma (Yu et al., 1999). Muscle protein is broken down to provide amino acids 
for immune cell synthesis (e.g., lymphocytes and macrophages) and for glucose 
production because the immune system derives its energy from glucose (Bistrian and 
Grimble, 2005). There is also a reduction in normal protein synthesis by the liver so that 
it can generate specialized acute phase proteins, which aid in regulating the inflammatory 
response (Porth, 2004). Outcomes include a major increase in urinary urea excretion, 
weight loss, and an overall negative nitrogen balance (Grossman et al., 1945; Paton et al., 
2005). Hormones that regulate the metabolic response to infection also cause fever, loss 
of appetite and lethargy (Bistrian and Grimble, 2005). Infection-induced anorexia is a 
phenomenon that occurs in a variety of species and in response to a number of infectious 
agents (Exton, 1997). Appetite suppression is considered a mechanism of host defense 
because it enhances immune system functions (Murray and Murray, 1979; Exton, 1997). 
Infection-induced anorexia is different from starvation (Powanda, 1977), and the nitrogen 
lost during infection cannot be effectively replaced by supplementing the diet with 
protein (Keeton et al., 1948). Thus, protein wasting can become a significant clinical 
issue for patients with serious and long-term infections (Welle, 1999). 
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 The negative nitrogen balance experienced by individuals suffering from infection 
is reflected in the higher δ15Ncol values of lesion collagen relative to distantly related 
bone. Both Katzenberg and Lovell (1999) and Strange (2006) found similarly large intra-
skeletal differences in nitrogen-isotope ratios between osteomyelitic lesions and 
unaffected areas of bone. When reactive bone forms, collagen synthesis must rely on an 
amino acid pool enriched in 
15
N as a consequence of infection-induced changes in protein 
metabolism.  
 Altered protein metabolism may also explain why lesion δ13Ccol values are higher 
than those of distant-bone collagen. Collagen synthesis may be relying on internally 
synthesized amino acids more than it would in a healthy state because of low food intake. 
When dietary protein is inadequate, the body must synthesize non-essential amino acids 
that would normally be routed directly from the diet (Jim et al., 2006). The fractionations 
associated with their synthesis could be responsible for the 
13
C enrichment of collagen 
amino acids.  
 Carbohydrate metabolism is also altered during periods of infection (Long, 1977; 
Mizock, 1995). In cases of sepsis, glucose levels in the blood start off high (from muscle 
protein donating amino acids for glucose production) but later fall to below healthy levels 
(Wolfe, 1981). Metabolic pathways that preserve and recycle carbon are increasingly 
used as the body attempts to keep up with the demand for glucose energy (Wolfe, 1981; 
Mizock, 1995). Perhaps the infection-induced changes to the body’s metabolic pool of 
carbon are related to the 
13
C-enrichment of amino acids available for collagen synthesis. 
The fact that a similar 
13
C-enrichment was not observed in the lesion collagen of fracture 
calluses suggests this outcome might be unique to chronic infection.  
 
2.5.6 Non-specific inflammation (periostitis)   
 
 Figures 2.11 A/B show the isotopic differences between sample pairs for 
individuals with periosteal lesions. There are no differences in carbon-isotope 
compositions between lesion, near-lesion, and distant-bone collagen with the exception of  
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Figure 2.11: Intra-skeletal differences in (A) carbon- and (B) nitrogen-isotope 
compositions for lesion (abnormal new bone), near-lesion, and distant-bone collagen 
from skeletons with periosteal lesions (shaded box plots).
1
 
                                                 
1
 Analytical reproducibility and normal variability are shown by the white box plots. Boxes are divided by 
the sample median, ‘x’ indicate group mean, and whiskers indicate minimum and maximum values, 
excluding outliers (open circles).  
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one outlier (Reg-107). The ∆15N values indicate that lesion collagen is isotopically 
distinct from distant-bone collagen in some but not all cases. Only three individuals have 
lesion/distant-bone differences that exceed the range of normal variability. The nitrogen-
isotope composition of distant-bone collagen is higher than that of lesion collagen in two 
individuals (Reg-65 and Reg-155), and lower than lesion (and near-lesion) collagen in a 
third case (Reg-107).  
 Periosteal new bone formation is traditionally thought to result from inflammation 
of the connective tissue surrounding the outermost layer of cortical bone, and commonly 
interpreted from archaeological remains as signs of non-specific infection or trauma 
(White and Folkens, 2005). Weston (2008; 2009; 2012) argues that periosteal lesions 
occur for a variety of reasons and should not be relied on as indicators of infection in past 
populations. For example, the biomechanical strain associated with intense exercise can 
result in periostitis on the tibiae, also known as shin splints (Devas, 1958; Michael and 
Holder, 1985). In addition, bilateral periostitis in the upper and/or lower limbs is 
commonly associated with cancer (Shapiro 1987; Vandemergel et al., 2004). 
Furthermore, researchers caution against diagnosing periostitis in young children and 
infants because normal bone growth in these age groups is similar in appearance to 
periostitis (Shopfner, 1966; Ribot and Roberts, 1996; Lewis, 2007). The two children 
tested here (Reg-14 and Reg-370b) were under five years of age, showed little intra-
skeletal isotopic variability, and may have been improperly assigned to this disease 
category. They are not included in the following discussion.   
 Much like fracture calluses, a periosteal lesion begins as connective tissue and is 
replaced by woven bone which, in turn, is replaced by lamellar bone through remodeling 
(Ortner, 2008). The appearance of lesions ranges from pitted and striated surfaces to 
plaque-like formations, and can consist of one or more layers of woven and/or cortical 
bone if the issue reoccurs or is chronic (Roberts and Manchester, 2005; Weston, 2012). 
However, a time frame for periosteal new bone formation, from initial inflammatory 
response to later remodeling, has not been clearly established in the clinical literature 
(Weston, 2008).    
46 
 
 Here, fifteen of the sixteen adults with periosteal new bone formation were 
categorized
1
 as having: 1) active lesions (n = 8); 2) inactive (remodeled) lesions (n = 5); 
or 3) chronic (remodeled and active areas) lesions (n = 3). Chronic periosteal new bone 
formation likely indicate a long-term health issue. However, no obvious pattern was 
identified in the isotopic data that reflected the different lesion groups.  Age, sex, and 
location of periosteal lesions were also tested for relationships with the isotopic data but 
none were found.    
 The three cases for which large differences in δ15Ncol values existed between 
lesion and distant-bone collagen were associated with active (Reg-107, Reg 65) or 
chronic (Reg-155) states but had variable isotopic relationships. Several possibilities 
could account for the inconsistency, including shifts in diet and positive or negative 
nitrogen balances during the period of lesion formation. Major traumas, infections and 
cancers all produce negative balances (Yu et al., 1999; Tisdale, 2006), while periods of 
illness recovery are associated with positive balances (Champe et al., 2008). Given the 
diverse aetiology of periostitis, the lack of consistent intra-skeletal differences in the 
collagen nitrogen-isotope ratios is not surprising. Collagen from periosteal lesions would 
not be expected to differ isotopically from other bone sites in cases of minor trauma (e.g., 
shin splints); these occurrences likely do not have strong influences on protein 
metabolism and nitrogen balance. In addition, remodeling after abnormal new bone was 
deposited could obscure the original isotopic composition of the lesion.  
 Aside from the three exceptional cases, the isotopic similarity of the collagen 
samples suggests that periosteal lesions are not usually a source of intra-skeletal 
variability. Katzenberg and Lovell (1999) also found no differences in nitrogen-isotope 
ratios between a periosteal lesion and unaffected areas of bone in one test individual. 
They indicated that it was difficult to separate abnormal new bone from underlying 
cortical bone, which could be a factor in the isotopic similarity between affected and 
unaffected samples. The same difficulty was encountered in the present research.  
                                                 
1
 Periosteal reactions scored by Kristin von Heyking at the Ludwig-Maximilians University in Munich 
according to guidelines provided by Steckel et al. (2005). 
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2.6 Conclusions 
 The purpose of this research was to identify isotopic intra-skeletal variability in 
individuals with pathological bone conditions. Overall, intra-individual differences in 
bone collagen isotopic compositions are smaller in skeletons lacking visible pathology 
than those that exhibit pathology. However, the results suggest that minor intra-skeletal 
variability may stem from differences in remodeling rates between elements and/or tissue 
type. To avoid introducing unwanted variability into future studies, sampling strategies 
should consider consistency in bone selection whenever possible. In addition, cortical and 
trabecular bone should be thoroughly separated prior to collagen extraction in order to 
establish firm timeframes for interpreting data.  
 The isotopic data were least indicative of pathology in the metabolic disease 
(rickets/osteomalacia), non-specific inflammation (periostitis), and degenerative joint 
disease groups. The lack of intra-skeletal variability in these categories is not surprising 
given the nature of the conditions. The metabolic disease group illustrated low intra-
individual (rib-to-femur) variability more than anything else, and the aetiologies of 
periostitis are too diverse to indicate decisive information about physiological conditions. 
Perhaps, additional intra-individual differences could be identified by expanding the 
sample subset of individuals with degenerative joint lesions derived from inflammatory 
conditions associated with negative nitrogen balances (e.g., rheumatoid or septic 
arthritis).  
 The effects of altered protein metabolism on isotopic composition were clearest in 
the non-specific infection (osteomyelitis) category, followed by the fracture trauma 
group. Both the carbon- and nitrogen- isotope compositions of osteomyelitic lesion 
collagen were altered by the metabolic changes that accompany severe infection. The 
anorexia and protein wasting that coincides with chronic infection may be the reason why 
the osteomyelitis group had the most obvious intra-individual isotopic differences. With 
the exception of one individual, everyone in the fracture trauma group survived their 
injuries, and although the physical response to trauma is similar to that of infection, those 
responses are not preserved indefinitely due to the nature of bone remodeling. In the 
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future, the precision of lesion and near-lesion sampling could be improved by identifying 
the limits of lesions and calluses histologically before collagen extraction.  
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Chapter Three 
3 INVESTIGATING DISEASE, DIET, AND GEOGRAPHIC 
IDENTITY IN A MEDIEVAL GERMAN POORHOUSE 
POPULATION USING ISOTOPIC ANALYSIS OF 
HUMAN AND FAUNAL TISSUES  
 
3.1 Introduction  
 Paleodiet studies rely on isotopic data to form interpretations about behaviour in 
the past but the extent to which physiological processes influence the isotopic 
composition of human tissues is not yet well understood. The variety in bone pathology 
present in a medieval (12th to 16th century) poorhouse skeletal collection from 
Regensburg, Germany provides the opportunity to examine the relationship between 
disease and bone collagen nitrogen-isotope compositions. The poorhouse population also 
offers a chance to explore the lives of an underprivileged group in larger medieval 
society. Thus, the purpose of this research is two-fold. The first objective is to identify 
the effects of disease on bone collagen nitrogen-isotope ratios in order to determine the 
reliability of inter-individual paleodiet comparisons. The second objective is to provide 
insight into lives of the poorhouse residents by bringing together additional human and 
faunal isotopic data in order to explore both diet and residential mobility. These data, 
considered together with the diseases suffered by poorhouse residents, will better inform 
our understanding of this medieval social group.  
 The city of Regensburg is located on the Danube River in southeast Germany 
(Figure 3.1A) and was originally founded during the first
 
and second centuries AD. The 
sample analyzed as part of this research derives from a cemetery discovered during 
construction on a street known as Minoritenweg or Minors Way (Figure 3.1B). The street 
name refers to a nearby monastery established in 1226 by Franciscan monks (also known 
as Minoriten or Minors). Modern and historical records indicate that the land associated 
with the cemetery was used previously as a parking lot, soap works (~1840), and as  
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Figure 3.1: The location of (A) Regensburg, Bavaria, Germany, and (B) 
Minoritenweg cemetery
1
 
                                                 
1
 Maps downloaded from GeoBasis-DE/BKG (2009) and Google Maps (2012). 
A 
B 
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garden plots for country homes (~1645) (Haebler et al., 2008). There are no written 
accounts of a graveyard in the area but archaeological evidence, including ceramic 
sherds, suggests that the cemetery was in use as early as the twelfth century and 
abandoned by the end of the sixteenth century (Haebler et al., 2008). The cemetery is 
interpreted as belonging to a nearby poorhouse or almshouse because there is no evidence 
to suggest that it is connected to the Franciscan monastery or to a church in the 
surrounding area (Haebler et al., 2008). Medieval poorhouses were an early form of 
social care facility that offered permanent shelter to the sick and destitute, acted as 
maternity wards for homeless women, and as retirement homes for people who could no 
longer afford their own housing (Haebler et al., 2008; McIntosh, 2012).  
 According to Sheffler (2005), Regensburg was a distinguished city economically, 
culturally, and politically between the eleventh and fourteenth centuries. Starting in the 
eleventh and twelfth centuries, urbanization increased across Europe as masses of people 
migrated from rural areas into cities in search of work (Lilley, 2002). This trend reflects 
the development of the market economy in Europe, and the emergence of the middle 
class (Wende, 2005). Increases in trade were profitable for Regensburg merchants (e.g., 
cloth vendors) who took advantage of trade routes along the Danube River and with Italy 
(Rörig, 1967; Haverkamp, 1988). Regensburg also hosted more churches and religious 
institutions by the fifteenth century than other contemporary German cities, and was a 
renowned centre for education (Sheffler, 2005). However, the city experienced a 
declining economy in the late fourteenth and early fifteenth centuries (Sheffler, 2005). 
Much of Europe was crippled by crop failures and famine during this time (Nicholas, 
1997), and the coinciding spread of plague reduced the European population by a third 
(Wende, 2005). 
 The growth of medieval cities resulted in the removal of city immigrants from 
their traditional family support systems in the countryside and increased reliance on 
urban institutions (e.g., poorhouses) for help when shelter or care was needed (Epstein, 
1999; Haebler et al., 2008). The Regensburg skeletal collection provides the opportunity 
to explore a subset of the population who depended on this kind of institutional charity. 
Here, isotopic analysis of human and faunal remains are used to answer questions about 
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health and diet, and to explore the issue of migration among Regensburg’s poor. 
Historical research is also used to complement the discussion on disease, mobility, and 
diet. Although the primary source literature has its limitations (see Adamson, 1998), the 
information drawn from surviving documents (e.g., legal texts, institutional records, 
medical treatises, cookbooks, etc.) provides rich illustrations of medieval European 
lifeways. The social relationships and day-to-day lives of the poorhouse residents can be 
better understood by bringing together these historical and isotopic data.   
 
3.2 Background 
3.2.1 Poverty in medieval Regensburg   
 Social attitudes towards the poor were shaped by the Catholic Church and shifted  
over the course of the Middle Ages (Lilley, 2002). The appearance of poorhouses in 
many medieval cities was directly related to the Christian belief that alms-giving was an 
important spiritual duty that provided a means of seeking religious salvation (Geremek, 
1994). Thus, poverty was part of the natural order, and if the rich did not show mercy 
through acts of charity, they would be denied entry into heaven (Lilley, 2002; McIntosh, 
2012). However, over the course of time, a distinction evolved between deserving and 
undeserving poor. People who were poor by no fault of their own were differentiated 
from shameless beggars and vagrants who did not merit charity (Rexroth, 2007). The 
deserving poor were composed of respectable people who would take work if it was 
available but were often unemployed or underemployed, and included craftsmen, 
unskilled labourers, and women (Lilley, 2002). The undeserving (and undesirable) poor 
included drunkards, prostitutes, and criminals as well as able-bodied individuals who 
refused to accept honest work (Scott, 2002; McIntosh, 2012).  
 Poorhouses were common throughout Europe from the fourteenth century on, and 
were primarily founded out of concern for the living situations of the deserving poor 
(McIntosh, 2012). Poorhouse residents were rarely people who had always lived in 
poverty but were those who, through disease, disability or old age, were unable to afford 
their own living spaces (Nicholas, 1997). Young single women with small children were 
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also included in this group because they commonly could not escape debt and 
homelessness without assistance (Rawcliffe, 1995). Poorhouses were often founded by 
wealthy city residents, and sometimes by trade guilds. For example, in some cities, 
butcher, brewer and baker guilds (among others) each sponsored their own almshouses 
for the workers and families of the trade (Nicholas, 1997). The poorhouse was a 
guaranteed shelter but it was not a place for the seriously diseased, and for the most part, 
residents were expected to care for themselves and each other (Lilley, 2002; McIntosh, 
2012). Residents were also obligated to live devoutly by dedicating much of their time to 
religious services and to praying for the souls of their wealthy benefactors (Geremek, 
1994; Rexroth, 2007).  
    In Regensburg, some poorhouses were operated by Christian sisterhoods who 
involved themselves in the charitable care of the poor. These women formed convent-like 
communities or “religious houses” but did not have official connections to the church 
(Dirmeier and Mosbach, 1994, cited in Haebler et al., 2008). Poorhouses were commonly 
built on the fringes of medieval cities (Geremek, 1994), making the location of the 
Minoritenweg cemetery (far from Regensburg’s city centre) a likely location for such an 
institution. However, the size of the structure, the number of people it housed, and the 
extent of its operation remain unknown. The skeletal evidence suggests that men, women, 
and children were all accepted into this particular facility, and many of these individuals 
were survivors of serious insults in both childhood (e.g., anemia, vitamin deficiencies) 
and adulthood (e.g., healed fractures, dental abscess) (Haebler et al., 2008). The fact that 
most of the conditions are debilitating but not necessarily lethal, matches well with the 
idea that poorhouses were populated by the aging and infirm. Wood et al. (1992) suggest 
that a living population is composed of individuals who vary in frailty, or in their 
susceptibility to death. Relative to the more affluent segments of society, however, the 
lower socioeconomic status of poorhouse residents likely made this group especially 
vulnerable to stress, injury and disease.  
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3.2.2 Isotopic theory  
 Stable isotope ratios are measures of our interactions with the environment and 
expressed in delta (δ) notation as per mil (‰) differences:  
   δ = (Rsample - Rstandard) / Rstandard, [Equation 3.1] 
where R = 
13
C/
12
C, 
15
N/
14
N or 
18
O/
16
O, depending on the element being studied. The 
standards used in this research are internationally accepted reference materials known as 
VPDB (carbon), AIR or atmospheric nitrogen (nitrogen), and VSMOW (oxygen). The 
idea that the isotopic compositions of foods we eat and water we drink are preserved in 
our tissues serves as the basis for studying diet and mobility in the past. Carbon- and 
nitrogen-isotope ratios are used to establish the relative importance of isotopically 
distinct foods in the diet, while oxygen-isotope ratios are used to identify geographic 
foreigners within a population by virtue of differences in drinking water δ18O values from 
locality to locality (DeNiro and Epstein, 1978; 1981; Luz et al., 1984).  
Diet 
  Basic levels of isotopic variation are determined by climatic and environmental 
influences on plant species, and by the photosynthetic and nitrogen-fixing pathways 
employed by those plants (Ambrose, 1993). The isotopic compositions of plants are 
passed on to the tissues of the animals who consume them but with some degree of 
change, and so on up the food chain. Animal models indicate that the carbon in bone 
bioapatite (structural carbonate, δ13Csc) reflects the isotopic composition of whole diet 
(proteins, carbohydrates and lipids), while the carbon and nitrogen in bone protein 
(collagen, δ13Ccol, δ
15
Ncol) reflect that of dietary protein, except in cases when protein 
nutrition is poor (Ambrose and Norr, 1993; Tieszen and Fagre, 1993; Jim et al., 2006).  
 The carbon in structural carbonate and collagen is generally used to examine the 
relative consumption of two isotopically distinct groups of plants that arise from 
differences in carbon dioxide uptake during photosynthesis. C3 plants have the lowest 
δ13C values (modern average = -26.5‰) (Smith and Epstein, 1971; O'Leary, 1988), and 
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in medieval Europe, most fruits, vegetables, and grains fall into this category. C4 plants 
have higher δ13C values relative to C3 plants and a modern average of -12.5‰ (Smith and 
Epstein, 1971; O'Leary, 1988). Millet and sugarcane were the only two C4 plants 
available to Europeans during the Middle Ages. Modern plant δ13C values are 
approximately -1.6 ± 1.0‰ lower than pre-industrial plants due to the effect of fossil fuel 
burning on atmospheric carbon (Yakir, 2011).  
 The exact degree of 
13
C enrichment between diet and human bone (for both 
structural carbonate and collagen) is not well documented. Animal models indicate that 
the carbon in structural carbonate is approximately +9 to 15‰ enriched in 13C relative to 
food (Lee-Thorp and van der Merwe, 1987; Ambrose and Norr, 1993; Tieszen and Fagre, 
1993; Cerling and Harris, 1999; Jim et al., 2004; Passey et al., 2005). In comparison, the 
13
C enrichment for collagen ranges from about +0.5 to 8‰ (DeNiro and Epstein, 1978; 
van der Merwe and Vogel, 1978; Ambrose and Norr, 1993; Tieszen and Fagre, 1993; Jim 
et al., 2004). In these studies, species differences and food protein types are usually cited 
as the main causes of tissue-to-diet variation. More recently, Bocherens and Drucker 
(2003) estimated a predator-to-prey difference in carbon-isotope ratios (δ13Cpredator - 
δ13Cprey) to be about +0 to 2‰ and this range has been used effectively to assess meat 
consumption in some medieval European human populations (e.g., Müldner and 
Richards, 2007).  
 Carbon isotopic compositions are also used as indices of marine food 
consumption. The tissue δ13C values of marine mammals and fish tend to be about 8‰ 
higher than those of terrestrial animals, reflecting a difference at the base of the food 
chain in which the isotopic composition of carbon used by plants differs in oceanic and 
terrestrial ecosystems (Chisholm et al., 1982). Thus, humans who consume seafood tend 
to have higher tissue δ13C values relative to those eating only terrestrial resources. 
Increased consumption of marine foods between the early and late Middle Ages has been 
identified in several European archaeological populations using carbon-isotope ratios of 
bone collagen (e.g., Mays, 1997).  
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 Bone collagen nitrogen-isotope compositions are useful in determining the type of 
protein consumed and the trophic level of the consumer. The δ15N values of plants are 
affected by how they obtain nitrogen from the surrounding environment but, on average, 
range from about -3‰ to +6‰ (Virginia and Delwiche, 1982; Heaton, 1987). Plant 
nitrogen-isotope compositions are affected by climate, and plants in cool, wet 
environments tend to have lower δ15N values than plants in hot, dry environments 
(Ambrose, 1993). Collagen δ15Ncol values are generally thought to be +3 to 4‰ enriched 
relative to diet (DeNiro and Epstein, 1981; Schoeninger, 1985) but this enrichment may 
range as high as +6‰ (O'Connell et al., 2012). Because enrichment occurs as nitrogen 
passes from one consumer to the next (i.e., trophic level), carnivores normally have the 
highest δ15Ncol values relative to herbivores, and omnivores fall somewhere in between 
(Schoeninger, 1985). Aquatic resources usually have the highest δ15Ncol values because 
aquatic plants have higher δ15N values than terrestrial plants and there are more trophic 
levels in marine and freshwater food webs (Schoeninger et al., 1983; Schoeninger and 
DeNiro, 1984). In addition, infant bone collagen is generally +2 to 4‰ enriched in 15N 
relative to adults from the same population because breastfeeding infants consume milk 
formed from their mother’s tissues and thus, are a trophic level higher than the parent 
population (Fogel et al., 1989). 
Physiology  
 Some physiological conditions are associated with changes in the nitrogen-isotope 
composition of human tissues (i.e., hair keratin and bone collagen), while carbon-isotope 
compositions tend not to be affected. Such conditions include including water stress 
(Ambrose and Deniro, 1986, 1987), starvation (Fuller et al., 2005; Mekota et al., 2006), 
pregnancy (White and Armelagos, 1997; Fuller et al., 2004), and wasting infections 
(Katzenberg and Lovell, 1999; Strange, 2006). These changes are linked to the altered 
protein metabolism and body nitrogen imbalances that result from physiological stresses 
(Rennie, 1985). Negative nitrogen balances occur when more nitrogen is lost to excretion 
than is replaced by consumption (e.g., starvation, infection, and trauma), and positive 
nitrogen balances result when more nitrogen is consumed than excreted (e.g., illness 
recovery, and tissue growth) (Champe et al., 2008).  
67 
 
 Negative nitrogen balances have been associated with increases in tissue nitrogen-
isotope ratios. For example, Katzenberg and Lovell (1999) found that collagen extracted 
from the osteomyelitic lesion of a modern cadaver had higher δ15Ncol values than nearby 
unaffected bone. When dietary protein is inadequate, collagen synthesis relies on amino 
acids recycled from existing muscle protein, and this nitrogen pool becomes enriched in 
15
N because illness and injury coincide with protein catabolism and a loss of 
15
N-depleted 
urine (Ambrose and DeNiro, 1986, 1987; Hobson et al., 1993; Katzenberg and Lovell, 
1999). In contrast, decreases in tissue nitrogen-isotope ratios have been related to positive 
nitrogen balances. For example, Fuller et al. (2004) found that the δ15N values of hair 
keratin decreased among pregnant women over the course of their pregnancies. These 
lower values are thought to result from increased assimilation of dietary amino acids less 
enriched in 
15
N, and from the return of 
14
N to the metabolic pool through urea salvage 
(Fuller et al., 2004).  
Geographic associations  
 Studies of geographic associations or identity are based on the idea that the 
isotopic composition of drinking water varies regionally, and that human tissues directly 
reflect those variations. Environmental variables affect the oxygen-isotope composition 
of drinking water (δ18Odw) (Dansgaard, 1964), and these signatures are passed on to body 
water (δ18Obw), which then equilibrates with skeletal phosphate (δ
18
Op) (Longinelli, 1984; 
Luz et al., 1984). In well-preserved bone, the stable oxygen-isotope composition of 
structural carbonate (δ18Osc) is correlated with that of skeletal phosphate (δ
18
Op) (Bryant 
et al., 1996; Iacumin et al., 1996), indicating that the oxygen from structural carbonate is 
also in equilibrium with body water. Thus, oxygen-isotope analysis of structural 
carbonate is a means of determining relative geographic identity, provided that 
environmental water oxygen isotopic compositions are known for the regions of potential 
interest. In most cases, geographic foreigners can be identified within archaeological 
populations via oxygen-isotope compositions that lie outside the local range. 
 Drinking water is the dominant influence on the oxygen-isotope composition of 
human tissues (Longinelli and Peretti Padalino, 1980). More broadly though, the 
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composition of body water is also affected by species size, metabolic rate, and the 
expulsion of physiologically produced water based substances such as breath vapor, 
perspiration, urine and feces (Bryant and Froelich, 1995; Kohn, 1996; Kohn et al., 1996). 
Thus, human and faunal oxygen-isotope compositions are not directly comparable. 
However, no significant difference in the effects of these variables is expected within 
populations because intra-species variation in bone δ18Osc values is generally low (~1 to 
2‰). For examples, see Nelson et al. (1986), Iacumin et al. (1996), and Warinner and 
Tuross (2009).  
 
3.3 Materials and Methods 
3.3.1 Sample 
 A street view of the excavation site and a typical-looking burial are illustrated in 
Figures 3.2A/B. Haebler et al. (2008) provide a detailed description of the cemetery’s 
layout (Figure 3.3) and associated skeletal remains but in brief, the preservation of the 
skeletal material is excellent and 410 individuals were recovered in total. Although the 
exact northern border of the cemetery remains unclear, all of the identified graves were 
oriented east-to-west and divided into about nine rows that run north-to-south. The 
majority of skeletons were found in supine position with their arms at their sides or 
crossed at the chest. The distribution of male and female skeletons is roughly equal, and 
there are more adults present (~85%) than subadults (~15%). Although the skeletal 
material is categorized here by a modern understanding of age categories, it should be 
noted that concepts of childhood and adulthood in the past may have been perceived 
differently (Gilchrist, 2012; Halcrow and Tayles, 2011) .   
 Both human and faunal remains were selected for bone collagen and structural 
carbonate analysis. The collection of human remains is a subsample of the larger skeletal 
series recovered at the Minoritenweg cemetery. As part of an ongoing PhD project, 
Kristin von Heyking (Ludwig-Maximilians University) assessed the completeness and 
general preservation of the skeletal material, and determined age, sex, and pathology 
profiles for the group following Steckel et al. (2005), see Tables E.1 - 2, Appendix E.  
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Figure 3.2: (A) Aerial view of the excavation site
1
; (B) Grave of Reg-384 illustrating 
typical grave conditions.
2
  
 
                                                 
1
 Haebler et al. (2008); p. 40 
2
 Heyse (2006) 
A 
B 
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Figure 3.3: Burial map of the Minoritenweg cemetery, Regensburg.
1
 
 
                                                 
1
 Modified from Heyse (2006), cited in Haebler et al. (2008); p. 41 
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Table 3.1: Age and sex distribution for the Regensburg skeletal sample 
Category 
Approximate 
Age Ranges 
M PM F PF ? Total 
Infant <2 years     3 3 
Young child 2-6 years     4 4 
Older child 5-14 years     6 6 
Adolescent 13-20 years 5 2 2  1 10 
Adult 20-40 years 18 3 15 2 2 40 
Mature adult 30-60 years 15 2 12 2  31 
Elderly adult 50+ years 4 1 11 1  17 
 Total 43 8 40 5 16 111 
M = male, PM = probably male, F = female, PF = probably female, ? = unknown  
 
The sex, age, and pathology information is summarized here in Tables 3.1 and 3.2. The 
conditions present include metabolic disorders, degenerative disease, traumas, dental 
pathology, and non-specific evidence of disease. In addition, instances of congenital 
conditions, neoplastic disease and several other pathological conditions are also present. 
Only five individuals in the group (<5% of the total sample) did not exhibit some form of 
visible bone pathology. In these cases, the skeletons were not preserved in entirety, which 
prevented complete assessments (see Table E.1, Appendix E). Although the frequency of 
diseases in a skeletal population does not necessarily reflect a similar frequency among 
the living (Wood et al., 1992), it is also likely that poorhouse residents suffered a number 
of unidentified conditions, including, sensory and speech impairments, respiratory and 
gastrointestinal ailments, and so on.  
 Ortner (1991) noted that skeletal pathology does not necessarily correlate with 
poor health and that “healthy” looking skeletons likely represent those individuals who 
were most susceptible to disease. However, this study is less concerned with those 
diseases that killed quickly because their impact on bone collagen isotope ratios is likely 
negligible as a result of slow bone turnover rates. Those individuals who survived major 
traumas and illnesses, or lived with diseases for long periods of time before succumbing, 
are more important to this research in terms of evaluating the relationship between 
physiology and tissue isotopic compositions. One bone, normally a rib, was selected from 
each human burial for analysis of the carbon and nitrogen isotope compositions of 
collagen, and the carbon and oxygen isotope compositions of structural carbonate  
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Table 3.2: Summary of the pathological conditions identified in the Regensburg skeletal collection 
          Condition                                     # Instances
∆
            Summary Observations*  
Metabolic Disorders 
 
 
 
 Cribra orbitalia  25 
 
 Rickets, osteomalacia 8 
 
 Scurvy 2 Possible cases 
Degenerative Joint Disease 
  
  
 Joint arthrosis (excluding spine) 54 
Slight and severe cases; one possible case of rheumatoid arthritis; three cases 
possibly resulting from trauma 
 Spondylosis and spondylarthrosis 44  
 Schmorl's nodes 18  
Trauma 
   
 
 Fractures 17 
Multiple fracture trauma (n=8); two cranial fractures; one hand fracture with 
associated synostosis of carpals/metacarpals 
 Cartilage defect  3 Possibly resulting from trauma 
 Cranial injuries 2  
 Injury on tibia 1 Subperiosteal hematoma or Myositis ossificans 
Dental Pathology 
  
 
 Caries  66  
 Dental abscess 29 Multiple abscesses (n=7) 
 Enamel hypoplasia 29 Severe cases (n=11) 
* Conditions identified by Kristin von Heyking (Ludwig-Maximilians University, Munich) 
∆
 The number of times a particular condition was observed in the sample population. Conditions that were identified more than once in 
the same individual were counted as a single instance.  7
2
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Table 3.2 continued: Summary of the pathological conditions identified in the Regensburg skeletal collection 
          Condition                                     # Instances
∆
            Summary Observations  
Non-specific evidence of disease 
  
 
 Infection (osteomyelitis)  8 
All cases associated with abnormal new bone; bone deformed by infection 
(n=6); periostitis co-occurs elsewhere in the skeleton (n=5) 
 Inflammation (periostitis) 39 Inactive/remodeled (n=14), active (n=19), and unknown (n=6) cases 
 Stress (Harris lines) 12  
Congenital disease 
   
 
 Craniosynostosis  14  
 Congenital syphilis 3 Possible cases based on Hutchinson's incisors and/or mulberry molars 
 Hyperdontia mesiodens 1  
Neoplastic Diseases 
   
 
 Benign tumour 4 Two osteomas; one hemangioma; one bulge thickening on femur 
Not Categorized 
   
 
 Resorption, destruction or necrosis 5 Location varies (maxilla, vertebral articular facets, pelvis, femur, talus) 
 Systemic disease 3 unknown cause 
 Porotic skull  3  
 Jaw cyst 1  
 Scoliosis 1  
 Bone deformity 1 Abnormally swollen left 1st metacarpal; deformed radius, ulna and ribs 
* Conditions identified by Kristin von Heyking (Ludwig-Maximilians University, Munich) 
∆
 The number of times a particular condition was observed in the sample population. Conditions that were identified more than once in 
the same individual were counted as a single instance.  
7
3
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(n = 111). A subset of bone lesions was also selected for analysis in order to assess the 
influence of disease processes on collagen isotopic compositions. In some cases, collagen 
was extracted more than once from the same lesion with the purpose of testing analytical 
precision. Collagen was extracted from degenerative joint lesions (n = 6, 9 analyses), 
fracture calluses (n = 10, 15 analyses), osteomyelitic lesions (n = 6, 11 analyses), and 
active periosteal lesions (n = 13, 15 analyses). For comparison, near lesion sites
1
 were 
also sampled when possible (n = 23, 36 analyses). In addition, tooth dentin (n = 4, 5 
analyses) was sampled from children who may have suffered from congenital syphilis, 
and femur collagen was sampled from individuals with vitamin D deficiency rickets (n = 
6, 6 analyses).  
 The faunal remains were recovered from a number of graves during excavation of 
the Minoritenweg cemetery, and are probably not intentional inclusions, but likely mixed 
accidentally into the grave fill as individuals were buried. Their location in the graves 
suggest that they date to about the same period as the burials, although more precise 
dating methods would help to resolve this issue. The samples selected for collagen and 
structural carbonate analysis include both mammals (cow, pig, sheep/goat, hare, and cat) 
and bird species (chicken, goose, and partridge) (n = 23). The isotopic compositions of 
these animals will be used here to construct a food web for the site and to provide insight 
into the kinds of food resources available to the human population.  
 
3.3.2 Analytical procedures 
 Analyses were performed at the Laboratory for Stable Isotope Science at The 
University of Western Ontario (London, Ontario, Canada) and the GeoBio-Center at 
Ludwig-Maximilians University (Munich, Bavaria, Germany).  
Collagen 
                                                 
1
 Near-lesion areas are bone sites closely related but adjacent to bone lesions. The limits of lesions were 
defined by visual approximation.  
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 A small number of collagen analyses took place at the GeoBio-Center (3%, n = 8) 
following the methods of Lösch et al. (2006), but the bulk of analyses were performed at 
the Laboratory for Stable Isotope Science (LSIS) (97%, n = 290). Cortical bone collagen 
was extracted using a modified Longin method (Longin, 1971; DeNiro and Epstein, 
1978; Chisholm et al., 1983) and analyzed for its stable carbon- and nitrogen-isotope 
compositions. A 1.0 g sample was ground and placed in 0.5 M HCl solution until the 
bioapatite or mineral component of the bone dissolved. Humic contaminants were 
removed using a 0.1 M NaOH solution (Schoeninger and DeNiro, 1984). The collagen 
was then solubilized for sixteen hours in 0.001 M HCl in a 90
○
C oven. Collagen was 
analyzed using a Costech elemental combustion system coupled with a ThermoFinnigan 
Delta Plus XL stable isotope ratio mass spectrometer (IRMS).  
 The δ13C values were calibrated to VPDB using NBS-22 (–30.03‰) and IAEA-
CH-6 (+10.45‰). USGS-40 and USGS-41 were analyzed to verify the calibration curve. 
The former had a δ13C value of −26.39 ± 0.08‰ (mean ± SD; n = 18), as compared to its 
accepted value of –26.39‰. The latter had a δ13C value of +37.43 ± 0.20‰ (n = 15), as 
compared to its accepted value of +37.63‰. For most analyses, sample δ15N values were 
calibrated to AIR using IAEA-N1 (+0.4‰) and IAEA-N2 (+20.3‰). USGS-40 was 
analyzed to verify the calibration curve and had a δ15N value of –4.52 ± 0.08‰ (n = 2), as 
compared to its accepted value of –4.5‰. For the last four analytical sessions, δ15N 
values were calibrated to AIR using USGS-40 (–4.5‰) and IAEA-N2 (+20.3‰). USGS-
41 was analyzed to verify this calibration curve and had a δ15N value of +47.37 ± 0.28‰ 
(n = 15), as compared to its accepted value of +47.6‰. A keratin standard (#90211, MP 
Biomedicals) was analyzed along with every ~four to five samples as a check on intra- 
and inter-run analytical reproducibility. The mean δ13C and δ15N values of the keratin 
standard (n = 109) were -24.06 ± 0.06‰ and +6.32 ± 0.18‰ for the duration of 
laboratory analyses, which compared well to the accepted values of -24.04‰ and 
+6.36‰. 
 Duplicate analyses were conducted on >10% of randomly selected samples (n = 
42/256). The average reproducibility of duplicate analyses of the same extraction of 
collagen was ±0.03‰ for δ13Ccol values, and ±0.07‰ for δ
15
Ncol values (n = 36; 72 
76 
 
analyses). Duplicate analyses of the same sample using a completely independent 
extraction of collagen had an average reproducibility of ±0.05 for δ13Ccol values, and 
±0.07 for δ15Ncol values (n = 6; 12 analyses).  
 Excellent collagen preservation is indicated by both yield and carbon/nitrogen 
(C/N) ratios. The minimum acceptable collagen yield is 1% (van Klinken, 1999), and 
collagen yields for samples in this study ranged between 1.5 to 25.6% (mean = 15.8%, n 
= 256). The acceptable range in C/N ratios for unaltered bone collagen is 2.9 to 3.6 
(DeNiro, 1985), and one faunal sample was dropped from the overall analysis because its 
C/N ratio was lower than 2.9. The ratios of the remaining samples fell within the 
acceptable range (mean = 3.1, range = 3.0 to 3.3, n = 297).  
Carbonate 
 The majority of structural carbonate analyses were carried out at the GeoBio-
Center (79%, n = 111) following the methods of Lösch et al. (2006), while the remaining 
analyses were made at LSIS (21%, n = 29) using similar methods. At LSIS, ground 
samples (0.020 g), sieved to a grain size smaller than 180 μm, were placed in 2% reagent-
grade bleach for 24 to 72 hours in order to break down their organic constituents. After 
rinsing, contaminant carbonates were removed by soaking in 0.1 M acetic acid for four 
hours. The samples were rinsed again, frozen and lyophilized. Structural carbonate was 
analyzed using a Micromass Multiprep coupled with a VG Optima dual-inlet stable 
isotope ratio mass spectrometer following the protocol described by Metcalfe et al. 
(2009).  
 The δ13C values were calibrated to VPDB using NBS-19 (+1.95‰) and Suprapur 
(-35.28‰). NBS-18 and WS-1 were analyzed to verify the calibration curve. The former 
had a δ13C value of -5.00 ± 0.03‰ (mean ± SD; n = 6), as compared to its accepted value 
of -5.00‰. The latter had a δ13C value of +0.83 ± 0.04 (n = 4), as compared to its 
accepted value of +0.76. Sample δ18O values were calibrated to VSMOW using NBS-18 
(+7.20‰) and NBS-19 (+28.60‰). Suprapur and WS-1 were analyzed to verify the 
calibration curve. The δ18O values were +13.17 ± 0.10‰ (n = 5) and +26.22 ± 0.15‰ (n 
= 4) respectively, which compared well to their accepted values of +13.20‰ and 
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+26.23‰. 
 Duplicate analyses were conducted on ~5% of randomly selected samples (n = 
6/134). The average reproducibility of the isotopic measurements for duplicate analyses 
of the same extraction of carbonate was ±0.03‰ for δ13Csc values, and ±0.06‰ for δ
18
Osc 
values (n = 4, 8 analyses). Duplicate analyses of the same sample using a completely 
independent extraction of carbonate had an average reproducibility of ±0.04‰ for δ13Csc 
values, and ±0.07‰ for δ18Osc values (n = 2, 4 analyses). 
 The isotopic integrity of structural carbonate was assessed entirely at LSIS. 
Crystallinity Index (CI) values were obtained using Fourier Transform Infrared (FTIR) 
spectroscopy of untreated samples following the methods of Shemesh (1990), Weiner and 
Bar-Yosef (1990), Wright and Schwarcz (1996), and Surovell and Stiner (2001). The 
mean ± SD CI value in this study is 2.8 ± 0.2 (n = 128), and acceptable values for 
untreated archaeological bone and tooth bioapatite generally fall between 2.6 and 4.0 
(Wright and Schwarcz, 1996; Nielsen-Marsh and Hedges, 2000a; Lee-Thorp and 
Sponheimer, 2003; Garvie-Lok et al., 2004). The four samples for which the CI values do 
not fall within the expected range (CI = 2.5 in all cases) were retained within the overall 
analysis because 2.5 is very close to the lower limit of the ‘normal’ range, whereas 
altered bone/tooth mineral is typically indicated by higher CI values (>4.0).  
 C/P values (the ratio of carbonate to phosphate in bioapatite) are calculated by 
comparing peaks at 1415 and 1035 cm
-1
 in the FTIR spectra, and provide an estimate of 
structural carbonate preservation. C/P values should range between ~0.2 and 0.5 in well-
preserved bone samples, while samples contaminated with soil carbonates and degraded 
samples tend to have higher and lower values respectively (Wright and Schwarcz, 1996; 
Nielsen-Marsh and Hedges, 2000b; Smith et al., 2007). Here, the mean ± SD C/P value is 
0.4 ± 0.1 (n = 140) indicating excellent preservation of structural carbonate. In addition, 
if either secondary calcite or francolite are present in the samples, the original isotopic 
composition of bone may be obscured. These diagenetic minerals are detected as discrete 
or sharp peaks in the FTIR spectra at 710 and 1096 cm
-1
 (Shemesh, 1990; Wright and 
Schwarcz, 1996). No secondary calcite was identified in any of the Regensburg sample 
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spectra but most of the bone samples (~71%) exhibited very weak “shoulders” at 1096 
cm
-1
. This is likely not a problem because, unlike discrete peaks, weak shoulders reflect 
the small amounts of fluorine that naturally occur in bioapatite and do not necessarily 
represent diagenetic contamination (Wright and Schwarcz, 1996).  
 A loss in isotopic integrity could also be indicated by correlations between CI 
values and carbonate yields, C/P values, or the isotopic compositions of carbonate carbon 
or oxygen. However, no significant correlations were found between CI values and 
carbonate yields (Pearson’s r = 0.11, df = 124), C/P values (Pearson’s r = -0.63, df = 
126), δ13Csc values (Pearson’s r = 0.09, df = 126) or δ
18
Osc values (Pearson’s r = -0.05, df 
= 126), indicating that the samples have not been significantly altered.  
 
3.4 Results and Discussion  
3.4.1 Human bone collagen results  
 A complete list of isotopic data for human bone collagen (δ13Ccol, δ
15
Ncol) is 
reported in Table F.1, Appendix F. Mean collagen compositions for this population are -
19.7 ± 0.2‰ SD for carbon-isotope ratios and 11.3 ± 0.9‰ SD for nitrogen-isotope 
ratios. Overall, the range in isotopic composition is narrow for δ13Ccol (<1.5‰) and large 
for δ15Ncol (>5‰). The low average and narrow range in carbon isotopic compositions 
indicate a lack of C4 plant foods and or C4 plant-consuming animals in the diet of this 
population.  
 The large range in nitrogen isotopic compositions is partially explained by 
population age differences. The youngest children from the poorhouse (<6 years old) 
have the highest δ15Ncol values (Figure 3.4), which likely represent a breast milk trophic 
level effect. Weaning for medieval children occurred between the ages of one and three 
according to historical sources (Orme, 2001), and isotopic data from another medieval 
German site (Dittmann and Grupe, 2000). The children with the highest δ15Ncol values fit 
well into this established age range, and the fact that older children in the population no 
longer consumed breast milk is reflected in their overall lower δ15Ncol values.  
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Figure 3.4: The distribution of carbon- and nitrogen-isotope compositions for 
different age groups in the Regensburg sample.
1
 
                                                 
1
 Individual values are plotted for the youngest three age groups, while the older age groups are represented 
by mean and range values. 
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 Table 3.3 provides isotopic data for the men and women in each age category. 
Although no differences in nitrogen-isotope compositions were found among the 
adolescent and three adult age groups, or among males for these age categories, a trend 
exists between younger and older women. Adolescent and adult women tend to have 
lower δ15Ncol values relative to mature and elderly adult women but an analysis of 
variance (ANOVA) test did not find this trend significant. Men and women from the 
poorhouse appear to have nearly identical isotopic compositions (Figure 3.5) but when 
age groups are considered independently, adult women have significantly lower δ15Ncol 
values relative to adult men (t = 2.76, df = 26, p = 0.01). Sex differences were not found 
among mature or elderly adults.  
Table 3.3: Sex and age differences in collagen isotopic compositions 
Group 
Number 
(n) 
Mean  
δ13Ccol ± SD 
(‰, VPDB) 
Mean  
δ15Ncol ± SD 
(‰, AIR)  
Adolescent males 7  -19.6 ± 0.2 11.2 ± 0.7 
Adolescent females 2 -19.9 ± 0.1 10.5 ± 0.1 
    
Adult males  21 -19.7 ± 0.2 11.7 ± 0.7 
Adult females  17  -19.8 ± 0.3 10.8 ± 1.1 
    
Mature adult males 17 -19.7 ± 0.2 11.0 ± 1.0 
Mature adult females 14 -19.7 ± 0.2 11.6  ± 0.6 
    
Elderly adult males 5 -19.7 ± 0.3 11.6 ± 1.5 
Elderly adult females 12 -19.7 ± 0.2 11.5 ± 0.7 
 
 Fuller et al. (2004) demonstrated that hair keratin nitrogen-isotope ratios decrease 
during pregnancy due to the positive nitrogen balance associated with nitrogen retention 
and tissue growth. The lower δ15Ncol values found here among the women of child-
bearing age could be indicative of a similar pattern. However, assuming that all women 
of child-bearing age were pregnant is problematic. In addition, the length of a pregnancy 
is short in comparison to the rate of bone turnover, which takes up to ~25 years or longer 
to completely replace the cortical bone of the skeleton (Frost, 1969; Hedges et al., 2007). 
Thus, lower nitrogen-isotope compositions among young women at the poorhouse may 
reflect differences in diet rather than the effects of positive nitrogen balances.  
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Figure 3.5: The mean and range in carbon- and nitrogen-isotope compositions of 
bone collagen for adult males and females in the Regensburg skeletal sample.  
 
Disease and δ15Ncol values  
 Although the breast milk trophic level effect explains some of the range in δ15Ncol 
values among poorhouse residents, the remaining variability may result from the 
influence of disease or arise from differences in diet. The first objective of this paper is to 
determine the reliability of δ15Ncol values for inter-individual paleodiet comparisons by 
exploring the effects of disease on nitrogen-isotope ratios. In order to accomplish this 
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objective, rib δ15Ncol values for individuals with particular diseases were assessed relative 
to the rest of the population. In addition, the isotopic compositions of lesions from 
individuals with distinct bone pathology were analyzed in order to assess their isotopic 
similarity to non-pathological bone from the same individual and from the rest of the 
population.  
 Diseases that affected the children of this population are considered briefly here 
but are explored in greater detail in Olsen et al. (2011). Katzenberg (1999) noted that 
negative nitrogen balance introduced by nutritional stress might contribute to the elevated 
δ15Ncol values among children in archaeological populations, and therefore poses a 
problem for interpretations of weaning in the past. If that were the case here, however, 
the difference in δ15Ncol values between younger and older children would probably be 
less clear (see Figure 3.4) given that older children are also vulnerable to nutritional 
stress. In addition, no pattern could be identified in the nitrogen-isotope compositions 
associated with any single pathology for which there was more than one affected child, 
including cribra orbitalia, rickets, craniosynostosis, congenital syphilis, and periostitis. 
Pathology present/absent comparisons 
 Table 3.4 lists the disease categories and conditions for which nitrogen-isotope 
compositions have been compared. Student t-test or ANOVA analyses were used to 
evaluate differences in δ15Ncol values between pathology absent and pathology present 
groups for each disease category. When possible, the diseases were assessed further by 
breaking down the groups into sex and age categories (see Table G.1, Appendix G for 
complete results). Dividing the population into disease absent/present categories may be 
problematic because individuals labeled “pathology absent” for one comparison could 
exhibit the pathology of another disease. However, the idea here is to test if any one 
disease had an overwhelming effect on collagen isotopic compositions at the population 
level. For example, serious infections are associated with long-term negative nitrogen 
imbalances and increased collagen nitrogen-isotope compositions (Katzenberg and 
Lovell, 1999), which might cause individuals with this type of affliction to stand out in a 
population. If obvious differences in δ15Ncol values can be linked to particular conditions,  
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Table 3.4: Mean δ15Ncol values for groups exhibiting the presence/absence of bone 
pathology 
 
Group 
Number 
(n) 
δ15Ncol (‰, AIR)  
Mean ± SD 
p* 
Metabolic disease     
Cribra orbitalia 
Absent 71 11.3 ± 1.0 
0.01 
Present 25 11.8 ± 0.7 
Rickets/osteomalacia 
Absent 103 11.3 ± 0.9 
0.38 
Present 8 11.6 ± 0.9 
Degenerative disease    
Joint arthrosis (excluding spine) 
Absent 57 11.3 ± 1.0 
0.15 Present 44 11.5 ± 0.8 
Severe 10 10.9 ± 0.9 
Spondylosis and spondylarthrosis 
(degeneration of the spine) 
Absent 67 11.3 ± 1.0 
0.22 
Present 44 11.5 ± 0.8 
Schmorl's nodes 
Absent 93 11.4 ± 0.9 
0.76 
Present 18 11.3 ± 0.2 
Trauma     
Fracture trauma 
Absent 94 11.3 ± 0.9 
0.89 Present 9 11.2 ± 1.0 
Multiple 8 11.5 ± 1.1 
Dental pathology      
Caries 
Absent 30 11.6 ± 0.8 
0.16 
Present 66 11.3 ± 1.0 
Abscess 
Absent 67 11.5 ± 0.9 
0.04 
Present 29 11.1 ± 1.1 
Enamel hypoplasia 
Absent 67 11.5 ± 0.9 
0.39 Present 18 11.2 ± 0.9 
Severe 11 11.3 ± 0.9 
Congenital disease     
Craniosynostosis 
Absent 82 11.4 ± 1.0 
0.66 
Present 14 11.3 ± 0.9 
Non-specific evidence of disease     
Infection (osteomyelitis) 
Absent 103 11.4 ± 0.9 
0.37 
Present 8 11.0 ± 1.0 
Inflammation (periostitis) 
Absent 72 11.3 ± 0.8 
0.08 Inactive 14 10.9 ± 1.3 
 Active 19 11.6 ± 1.0 
Stress (Harris lines) 
Absent 99 11.3 ± 0.9 
0.51 
Present 12 11.6 ± 1.3 
*p = Significant difference between the means of two groups or three groups was tested using 
a Student’s t-test or a single factor ANOVA 
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individuals with those diseases will not be suitable for paleodiet analyses. The poorhouse 
residents probably also suffered from conditions that did not result in bone lesions, but it 
is unlikely that short term or acute illnesses would register in the isotopic ratios of bone 
collagen. Bone tissue turns over slowly, meaning that common illnesses (e.g., influenza) 
and even severe diseases (e.g., plague) would likely not have time to influence collagen 
compositions via nitrogen imbalances, given their short duration. 
 Differences between pathology absent/present groups were found only in the 
cases of dental abscess and cribra orbitalia (Table 3.4). The group with dental abscesses 
has a lower mean δ15Ncol value than the group in which the pathology was absent (t = 
2.09, df = 45, p = 0.04). However, the means for the two groups are very similar 
(difference = 0.4‰), which casts some doubt on the biological significance of this 
observation. No additional differences in the abscess category were found when the 
groups were separated by age and sex. Dental abscesses reflect infection, and infection is 
associated with negative nitrogen balances and enrichment in collagen 
15
N (Katzenberg 
and Lovell, 1999). Although dental abscesses can lead to osteomyelitis in the surrounding 
facial bones or elsewhere in the body, only one individual in the dental abscess group 
also exhibited osteomyelitis. In this case, osteomyelitis  was identified in the tibiae and 
there is no way to confirm that the limb infection resulted from the spread of bacteria 
from a tooth abscess. The fact that the individuals with abscess-related infections have 
lower δ15Ncol values relative to those who do not, suggests that the isotopic difference 
between these two groups is probably not a consequence of nitrogen imbalance. Perhaps 
abscess sufferers adapted their diets to accommodate painful tooth and jaw infections, 
which may then have distinguished them isotopically from the abscess-free (and more 
fortunate) members of the population.  
 The group with cribra orbitalia has a higher mean δ15Ncol value than the group 
without the condition (t = -2.77, df = 58, p = 0.01) but once again, the means are similar 
(difference = 0.5‰). When the population is separated by age and sex, this difference is 
replicated in adults with the pathology relative to adults without it (t = -2.3, df = 25, p = 
0.01), and in women with cribra orbitalia relative to women without it (t = -2.39, df = 16, 
p = 0.03) (Appendix G). Cribra orbitalia has a complex aetiology and its presence in the 
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skeleton could reflect a number of conditions including vitamin B12 deficiency 
(megaloblastic anemia), vitamin C deficiency (scurvy), vitamin D deficiency rickets, 
hemangioma, and trauma (Walker et al., 2009). In addition, active cribra orbitalia is 
rarely identified in adult skeletons and, as a result, incidence of the pathology among 
adults is thought to reflect insults suffered during childhood (Walker et al., 2009). If the 
presence of cribra orbitalia reflects a disease (or diseases) that caused significant nitrogen 
imbalances during childhood (e.g., megaloblastic anemia, Todd, 1959), it is possible that 
these imbalances were recorded in the collagen nitrogen-isotope ratios of those 
individuals who exhibit the pathology. Given that bone continues to turn over as a person 
ages, however, the effect of a childhood disease on adult bone collagen nitrogen-isotope 
ratios would be attenuated.  
Intra-individual variation 
 In addition to comparing nitrogen-isotope compositions across pathology 
categories, collagen from bone lesions was also sampled for comparison. Tests of intra-
individual variation for children with vitamin D deficiency rickets (rib-to-femur), and 
congenital syphilis (rib-to-tooth dentin) found no significant differences in intra-
individual δ15Ncol values (Olsen et al., 2011). Four additional conditions tested here 
include degenerative joint lesions, fracture calluses, osteomyelitic lesions and periosteal 
lesions. Bone lesions represent the tissue most closely associated with a disease event 
(e.g., a fracture callus represents a period of healing post-trauma), and this analysis tests 
the idea that the isotopic composition of lesion collagen records the nitrogen imbalance 
associated with a given condition. Figures 3.6-3.9 illustrate the isotopic compositions for 
the four disease absent/present groups, and for the associated lesion and near lesion 
collagen.  
 For degenerative disease, lesion collagen (from osteophytes, and areas of lipping 
or eburnation) and near lesion collagen are no different in isotopic composition from the 
pathology absent/present groups (Figure 3.6). Nitrogen imbalances are not expected in 
most cases of osteoarthritis because joint degeneration is usually a result of 
biomechanical stress and not associated with changes to normal protein metabolism 
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Figure 3.6: Mean δ13C and δ15N values (± 1 SD) for individuals with and without 
degenerative joint disease. Lesion and near lesion values illustrated for comparison.  
 
(van der Kraan and van den Berg, 2007). Thus, the lack of difference found here between 
pathological and non-pathological bone is not surprising. The nitrogen-isotope 
compositions of lesion collagen from fracture calluses and osteomyelitic lesions tend to 
cluster above the means for the pathology absent/present groups, while near lesion δ15Ncol 
values do not (Figures 3.7 - 3.8). Although both trauma and infection are associated with 
altered protein metabolism and negative nitrogen balances (Yu et al., 1999), no 
statistically significant differences were found between lesion collagen and the pathology 
absent/present groups, or with near lesion collagen. The trend towards higher lesion 
δ15Ncol values may, therefore, reflect the imbalances experienced during the associated 
bouts of illness. The δ15Ncol values for periosteal lesion and near lesion collagen do not 
cluster relative to the corresponding pathology absent/present groups, but exceed the 
range set by the standard deviation both above and below the group means (Figure 3.9).  
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Figure 3.7: Mean δ13C and δ15N values (± 1 SD) for individuals with and without 
fracture trauma. Lesion and near lesion values illustrated for comparison.  
 
 
The absence of a trend in the nitrogen-isotope compositions may stem from the diverse 
aetiology of periostitis, which develops in response to infection, trauma, biomechanical 
strain, cancer and normal bone growth in children (Weston, 2012). Not all of these 
conditions are associated with nitrogen imbalances, and thus, a pattern in the nitrogen-
isotope data cannot be expected. 
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Figure 3.8: Mean δ13C and δ15N values (± 1 SD) for individuals with and without 
non-specific infection (osteomyelitis). Lesion and near lesion values illustrated for 
comparison.  
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Figure 3.9: Mean δ13C and δ15N values (± 1 SD) for individuals with and without 
non-specific inflammation (periostitis). Lesion and near lesion values illustrated for 
comparison.  
 
Discussion   
 The groups with dental abscess and cribra orbitalia stood out in terms of rib 
δ15Ncol values but only by very small amounts (0.4 to 0.5‰). In both cases, the ranges in 
individual δ15Ncol values for afflicted and non-afflicted groups overlapped considerably, 
even though the means for each group were distinct. Here, the incidence of these 
conditions in the population did not substantially alter the average nitrogen isotope 
composition for the group and thus does not distort the overall interpretation of diet for 
the community based on this isotopic marker. That said, testing the relationship between 
these conditions and collagen nitrogen-isotope ratios in other skeletal collections would 
be worthwhile in order to determine the reliability of the differences found here.  
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 The strongest evidence that negative nitrogen imbalances brought on by disease 
have an effect on bone collagen nitrogen-isotope compositions was seen in the lesion 
collagen from fracture calluses and osteomyelitic lesions. However, rib δ15Ncol
 
values for 
individuals with these afflictions was virtually indistinguishable from that for members of 
the population that did not exhibit fractures or bone infections. These results suggest that 
paleodiet studies are not hindered by the presence of serious bone conditions if the 
pathology itself is avoided during collagen sampling.  
 There are several conditions in which negative nitrogen balances occur but 
skeletal lesions would not be expected. These include recovery from soft tissue wounds 
(surgical or otherwise) and severe burns (Yu et al., 1999). In addition, chronic diseases 
(e.g., of the lung, liver, bowel, etc.) and some cancers do not leave traces on the skeleton 
but are associated with wasting (cachexia) and negative nitrogen balances (Tisdale, 
2006). Nevertheless, the results presented here suggest that negative nitrogen balances do 
not affect collagen isotope ratios enough to cause errors in isotopic interpretations of 
paleodiet. Because bone is in a constant state of turnover, and because complete turnover 
takes many years, collagen must form during periods of normal health (nitrogen 
homeostasis) and periods of growth, illness and recovery (positive and negative nitrogen 
balance). Thus, the isotopic composition of collagen more than likely reflects protein 
metabolism during these periods combined, and is not a good indicator of nitrogen 
imbalance on its own.  
 
3.4.2 Human diet  
 The isotopic compositions of faunal bone collagen are reported in Table F.2, 
Appendix F, and are used here to provide insight into the diet of poorhouse residents. 
Figure 3.10 illustrates the carbon- and nitrogen-isotope compositions for individual 
animals as well as the mean and range for men and women in the population. The low 
δ13Ccol values for all of the animals in this sample indicate that C3 plants were the 
predominant source of vegetable matter consumed. As expected, the carnivore (cat) has a 
higher δ15Ncol value relative to the omnivores (pigs) and herbivores (cow, sheep/goat, and  
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Figure 3.10: The distribution of carbon- and nitrogen-isotope compositions for 
mammals at birds in the Regensburg faunal sample.
1
 
                                                 
1
 Human compositions are represented by their mean and range and are not corrected for trophic level 
effects. 
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hare) in the sample. The birds in this sample exhibit a wide variety of nitrogen-isotope 
compositions. Chickens and partridges are omnivorous, eating both vegetable matter and 
worms/insects (Voous, 1960; Slavin, 2009). Domesticated geese are mainly herbivorous, 
but the Grey Lag goose (Anser anser), the most common wild goose in Europe today, and 
the ancestor to all domesticated geese in Europe, is known to also consume snails, slugs, 
and small aquatic animals (Voous, 1960; Serjeantson, 2002; Slavin, 2010).  
 The isotopic results for humans shown in Figure 3.10 are not corrected for trophic 
level. If the poorhouse residents had subsisted primarily on vegetables and grains, the 
average nitrogen-isotope composition for the population would resemble that of the 
herbivores (cow, sheep/goat, hare) tested here. The fact that the δ15Ncol values of humans 
are higher indicates consumption of some meat protein, but the range in compositions 
suggests variable access. If trophic level corrections are applied to the human isotope data 
using a 0 to 2‰ correction for carbon (Bocherens and Drucker, 2003) and a 3 to 6‰ 
correction for nitrogen (DeNiro and Epstein, 1981; O'Connell et al., 2012), the human 
collagen isotopic compositions become fairly centred within the faunal data, supporting 
the idea that these animals were a common component of human diet. However, 
discerning egg and dairy consumption from meat consumption is not possible using 
carbon- and nitrogen-isotope data (O'Connell and Hedges, 1999). Thus, the source of 
dietary protein for poorhouse residents could also have included these secondary animal 
products.   
 Bogaard et al. (2007) demonstrated that the regular fertilization of grain crops 
with cow manure increased the δ15N values of these plants by +3 to 5‰. Poultry manure 
also has a similar effect on fruit and vegetable crops (Bateman et al., 2005; Rapisarda et 
al. 2010). Consequently, high δ15Ncol values among humans (~9 to 11‰) could be 
produced by vegetarian diets alone if those crops were grown using animal manure 
(Bogaard et al., 2007). Although manuring was certainly a part of medieval farming 
practices (Jones, 2012), its use in Regensburg and surrounding countryside remains 
unknown. Even if manuring had an impact on the isotopic composition of plants in this 
area, many of the δ15Ncol values for poorhouse residents range well above Bogaard et al.’s 
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(2007) estimate, suggesting that protein sources other than plants were probably 
consumed by some proportion of the population.  
Medieval food web 
 Figure 3.11 illustrates a food web for medieval Europe estimating a range in 
carbon- and nitrogen-isotope compositions for terrestrial, freshwater, and marine 
ecosystems. The boxes in the figure are based on the data reported as part of this research 
as well as previously published faunal data derived from other archaeological sites in 
northern Europe that also date to the Middle Ages (Müldner and Richards, 2007; Barrett 
et al., 2008). Although there are few published isotopic data for medieval German faunal 
material, these include Strott et al. (2007), who reported terrestrial faunal data for several 
sites in southeast Germany (6th to 7th century AD) that fit well within the ranges 
established here. Grupe et al. (2009) also report faunal data for a medieval period site in 
northern Germany but because of the unique brackish water environment in which the 
animals lived, more overlap occurs in the isotopic compositions of marine and freshwater 
fauna at that particular site and the data do not fit as well into the food web described 
here. The collagen isotopic results for Regensburg humans and faunal group means are 
also shown in Figure 3.11. The average human nitrogen-isotope composition is higher 
than that of the terrestrial carnivore (a cat) and the omnivores (pigs), suggesting that 
poorhouse residents likely consumed protein originating from a higher trophic level. No 
freshwater or marine faunal remains were recovered during excavation of the poorhouse 
cemetery. Marine protein is an unlikely source considering that human δ13Ccol values are 
consistently low for this population. Freshwater foods remain the more plausible source 
of higher trophic level protein and access to freshwater resources may not have been 
difficult given the close proximity of the city to the Danube River.  
Insight from structural carbonate carbon (δ13Csc)  
 Human and faunal structural carbonate carbon-isotope data (δ13Csc) are provided 
in Tables F.3-4, Appendix F. The δ13Csc mean value for the poorhouse population is -13.9 
± 0.6‰ SD. It shows a larger range (2.9‰) than collagen (δ13Ccol, 1.3‰), which probably 
reflects the more diverse origins of carbon in bone mineral relative to bone collagen  
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Figure 3.11: Food web model illustrating human isotopic compositions and mean 
faunal data (±1 SD).
1
 
                                                 
1
Ecosystem boxes are based on the faunal data reported in this study and published data from Müldner and 
Richards (2007) and Barrett et al. (2008). Human collagen values are not corrected for trophic level effects. 
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(i.e., dietary protein, carbohydrates and lipids). No age or sex differences were found in 
the carbonate carbon isotopic data. The spacing between carbonate and collagen δ13C 
values (∆13Csc-col) provides a secondary index of trophic level for ancient food webs that 
is independent of nitrogen-isotope compositions. ∆13Csc-col spacings are usually large for 
herbivores, smaller for omnivores and smallest among carnivores as a result of metabolic 
differences among animals and 
13
C variation among dietary proteins, carbohydrates, and 
lipids (Krueger and Sullivan, 1984; Lee-Thorp et al., 1989; Hedges, 2003; Grupe et al., 
2009). This trend is also apparent in the Regensburg food web. The cat has the smallest 
∆13Csc-col spacing (5.1), while herbivores have the largest average spacing (10.8). The 
mean spacings for humans (5.9), pigs (9.2) and bird species (8.6) lie between the 
carnivore and herbivores, reflecting the omnivorous diets of these groups. The human 
average, however, is more similar to the carnivore value than to either of the other two 
omnivorous group values but likely reflect freshwater fish consumption rather than meat 
consumption in this sample. As protein consumption increases, ∆13Csc-col spacings should 
become smaller, and as expected, there is a strong negative correlation between the 
average ∆13Csc-col spacings and δ
15
Ncol values for the human and faunal groups and 
(Figure 3.12, Pearson’s r = -0.84, df = 3). This association also substantiates the 
relationship between δ15Ncol and diet. Together, the ∆
13
Csc-col (range = 4.3 - 7.7) and 
δ15Ncol (range = 8.0 to 13.4‰) values indicate variable access to protein from higher 
trophic levels (i.e., meat from terrestrial or freshwater foods) among poorhouse residents. 
Discussion  
 The slow rate of turnover associated with bone tissue means that its isotopic 
composition reflects many years before death. Therefore, the “diet” represented by the 
isotopic data likely reflects more than the foods consumed while living at the poorhouse. 
Children, disabled, and elderly may have required years of care but other residents 
probably died much more quickly. Consequently, tissue isotopic compositions for some 
individuals will also reflect food choices prior to entering the poorhouse. The range in 
individual nitrogen-isotope compositions and carbon spacings (∆13Csc-col) indicate 
variable access to protein sources, which may in turn point to a diversity in backgrounds 
even though the oxygen-isotope data were inconclusive in this respect. The distribution  
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Figure 3.12: Relationship between δ15Ncol values and ∆
13
Csc-col spacings.  
 
of nitrogen-isotope compositions does not appear to be associated with burial location 
within the Minoritenweg cemetery.  
 The low average and narrow range in carbon-isotope compositions indicate C3 
plants as the primary food source for both humans and animals. There is an obvious lack 
of C4 plants, C4 plant-consuming animals, and marine foods in the diet. The late medieval 
German poor commonly ate oats, cabbage, chestnuts, beans, millet, and turnips 
(Adamson, 1995). Millet, the most commonly cultivated C4 plant in medieval Europe, 
was associated with poverty (rarely consumed by the wealthy) and consumed by the poor 
in soups and porridges, or used as animal feed (Adamson, 2004; Albala, 2003). Cane 
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sugar, the only other C4 plant available to medieval Germans, was expensive and eaten 
only in very small quantities, much like a spice (Adamson, 2004). High δ13Ccol values and 
correspondingly low δ15Ncol values have generally been considered indicative of millet 
consumption in other early European populations (Murray and Schoeninger, 1988; 
Garvie-Lok, 2001; Bonsall et al., 2004; Le Huray and Schutkowski, 2005; Honch et al. 
2006; Tafuri et al., 2008; Reitsema et al., 2010). Low δ15Ncol values are key to 
interpreting millet consumption in these populations because high δ15Ncol values 
associated with high δ13Ccol values would likely reflect marine protein in the diet. Millet 
would have been the most likely contributor to C4 food consumption if it had been 
detected among poorhouse residents but the carbon isotope data suggest that they avoided 
substantial consumption of this socially inferior food even though they were part of the 
lower class.  
 Increases in marine consumption over the course of the Middle Ages have been 
documented at other European sites using human bone collagen carbon-isotope 
compositions (e.g., Mays, 1997; Arneborg et al., 1999; Barrett and Richards, 2004; 
Müldner and Richards, 2007; Salamon et al., 2008). Expanding trade in saltwater cod has 
also been tracked through isotopic analyses of archaeological fish remains (Barrett et al., 
2008; Barrett et al., 2011; Orton et al., 2011; Fuller et al., 2012). Both cod and herring are 
thought to have been a part of most medieval European diets by the Late Middle Ages 
(Adamson, 2004). However, there is no indication that these poorhouse residents 
consumed seafood regularly. This trend may result from differences in status, indicating 
that seafood was less accessible to the poor at Regensburg. However, consumption 
among the larger population would also have been low if the sale of marine foods in the 
city was uncommon at this time. Freshwater fish were more commonly consumed by 
medieval populations far removed from the ocean, and in southern Germany pike and 
perch are among the most popular species (Adamson, 2002). Although no fish remains 
were recovered during excavation of the Minoritenweg cemetery, high δ15Ncol values 
suggest that some poorhouse residents had in their diet some items with compositions 
resembling freshwater fish. The fasting laws of the Catholic Church prohibited people 
from eating the meat of warm-blooded animals, dairy products, and eggs on more than a 
third of the Christian calendar year (Adamson, 2002). Although the lower classes were 
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expected to abide by the fasting laws, fish was a more expensive type of meat, and 
following the rules would probably have been a struggle for most medieval German poor 
(Adamson, 2004). Thus, it is somewhat surprising to infer regular fish consumption 
among poorhouse residents. Perhaps some individuals were able to regularly meet this 
expense earlier in their lives. It is also possible that the caretakers of the poorhouse 
ensured that its residents followed Christian laws at mealtimes.  
 The various bird and mammal remains recovered at the Minoritenweg cemetery 
suggest that a variety of meats were available to poorhouse residents. The isotopic data 
support the idea that the population consumed these foods, or at the very least, secondary 
animal products like milk, cheese and eggs. Many sources of protein were considered 
appropriate for consumption by all social classes including goat, pork, goose, chicken, 
partridge, milk, and eggs (Adamson, 1995). Beef, however, was categorized as a lower 
class food because it was considered tough and indigestible (Adamson, 2004). Younger 
women in the poorhouse population stand out relative to older women and men as having 
distinctly lower δ15Ncol values. While this could be an indicator of positive nitrogen 
balances associated with pregnancy, it is equally possible that young women’s diets were 
distinct. If the trend is related to diet, the youngest women at the poorhouse must not 
have consumed as much protein from higher trophic levels (e.g., pork and fish) as the rest 
of the adult population. Social expectations did not require young women eat differently 
during the Medieval period, although pregnant women were advised to avoid coarse 
foods like beef, pork, and fish and consume nutritious meats like chicken, partridge, and 
young goat (Weiss-Amer, 1993). Poor women may not have adhered to these social 
guidelines, however, if food options were limited.  
 
3.4.3 Geographic Associations 
 Human structural carbonate oxygen-isotope data (δ18Osc) are provided in Table 
F.3, Appendix F. The average bone δ18Osc value for the poorhouse population is 23.3 ± 
0.7‰ SD (n =111). Figure 3.13 illustrates the δ18Osc values with δ
15
Ncol values for the 
poorhouse population. Outliers could be considered “special” people within a population  
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Figure 3.13: δ18Osc and δ
15
Ncol values for the poorhouse population.  
 
but there are no statistical outliers
1
 in either the oxygen or nitrogen isotopic data. The 
lowest oxygen composition in the group is very nearly an outlier which could suggest a 
geographically distinct origin for this elderly adult male. The most extreme δ18Osc values 
do not correspond to extreme δ15Ncol values, suggesting that dietary diversity is not 
obviously related to differences in drinking water sources. No significant differences 
were found for age or sex with respect to the oxygen isotopic data, although adult women 
tend to have the highest δ18Osc values. These women do not share other linking 
characteristics (e.g., diseases) and were not buried in proximity to one another.  
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Drinking water estimate 
 The average bone δ18Osc value can be used to estimate the isotopic composition of 
drinking water ingested by poorhouse residents which, in turn, provides insight into their 
geographic association. The following formulas convert the mean δ18Osc value to a bone 
phosphate oxygen isotopic composition (δ18Op), and then to an average drinking water 
δ18Odw value:  
  δ18Op = 0.98(δ
18
Osc) - 8.5 (Iacumin et al., 1996) [Equation 3.2]; 
  δ18Odw = 1.54(δ
18
Op) - 33.72 (Daux et al., 2008) [Equation 3.3] 
Thus, the corresponding  δ18Odw value for the poorhouse population is -11.6‰. If the 
drinking water supply for medieval Regensburg shared this value, the poorhouse 
residents would be considered city locals. However, the actual sources of drinking water 
during that period are not known and may have ranged in isotopic composition. In 
temperate regions like Germany, shallow groundwater tends to have δ18O values that are 
1 to 2‰ lower than that of average annual precipitation because these aquifers are 
preferentially recharged by winter precipitation, i.e., snow and ice (Clark and Fritz, 
1997). Consequently, drinking water sources such as well water (groundwater), collected 
rainwater (precipitation) and river water (groundwater and precipitation) likely had 
variable isotopic compositions.  
 Modern precipitation in the region has an annual δ18O average of -8.8‰ which 
reflects a seasonal range from about -11.6‰ in the winter to -6.4‰ in the summer 
(Bowen and Revenaugh, 2003; Bowen, 2013). Förstel and Hützen (1983) found that 
modern groundwater values in the same region range from -10.5 to -9.5‰ (Figure 3.14), 
although some precipitation values may have also been included in their calculations. 
These data correspond well with the idea that oxygen-isotope composition of 
groundwater is lower in comparison to average precipitation. However, only the modern 
winter precipitation values approach the estimated drinking water values for 
Regensburg’s poor (-11.6‰). Estimating the isotopic composition of medieval drinking 
water from bone tissue using conversion equations may have produced an imprecise 
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Figure 3.14: Distribution of δ18Ogw values for western Germany.
1
  
 
δ18Odw value. It is also possible that cooler temperatures during the Medieval period 
produced lower regional water compositions. Although the climate during the Medieval 
Warm Period (~10th to 13th centuries) was no warmer than the average temperature of 
the last century, during the Little Ice Age (~14th to 19th centuries) central and western 
Europe experienced air temperatures cooler relative to the modern period by about 1.0 to 
1.5°C (Filippi et al., 1999; Brooks and Birks, 2001; Bodri and Dövényi, 2004). This 
decrease in air temperature may have lowered the δ18O value of regional precipitation by 
as much as  0.5 to 1.0‰ (von Grafenstein et al., 1996). Rather than suggesting that the 
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 Modified from Förstel and Hutzen (1983). 
Regensburg 
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entire poorhouse population consisted of geographic foreigners, the low δ18Odw value 
associated with the poorhouse population may reflect the uncertainty associated with 
estimating drinking water compositions from bone tissue, and may also reflect small 
differences in regional water compositions in the past.  
 Identifying non-local residents in Regensburg’s poorhouse population is further 
complicated by the fact that much of the area around the city does not vary greatly in 
δ18O values (Förstel and Hützen, 1983; Figure 3.14). If the modern pattern of variation 
holds true in the past, recent immigrants to Regensburg from the larger region could still 
have bone δ18Osc values that resembled ‘local’ values. In addition, Kirsanow and Tuross 
(2011) suggest that oxygen-isotope results for structural carbonate may not reliably 
represent regional differences in drinking water if those differences are smaller than 
2.5‰. Another study suggests that common cooking practices during the Medieval 
period, including brewing, boiling, and stewing, enrich the oxygen-isotope composition 
of the water involved on the order of the differences observed here, and because these 
water sources are a significant contributor to ingested water, the relationship between 
human tissues and original drinking water sources may be obscured (Brettell et al., 2012). 
Discussion  
 During the late Middle Ages, movement in and out of cities became routine as 
populations grew and trade networks developed (Kleinschmidt, 2003). High mortality 
rates stemming from poor sanitation and endemic infection stimulated a constant flow of 
in-migration to replenish both the wealthier merchant class as well as the working class 
(Lynch, 2003). Those with the lowest socioeconomic status (e.g., servants, day labourers, 
unskilled workers) were the most mobile because moving was essential to finding work 
(Hochstadt, 1983). The majority of the city’s poorest originated from nearby rural areas, 
and those individuals frequently returned home rather than settling permanently 
(Hochstadt, 1983). In many medieval cities, only the wealthy were able to afford 
citizenship by overcoming bureaucratic hurdles such as providing proof of legitimate 
birth and paying sizable fees. As a result, immigrant status was difficult to eliminate and 
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even the descendants of poor city dwellers may not have been considered native to that 
place (Hochstadt, 1983; Kleinschmidt, 2003).  
 Although non-locals could not be identified in the poorhouse population, a better 
understanding of regional movements among poorhouse residents may be achieved in the 
future through additional analyses of tooth enamel. Because teeth mineralize during 
childhood, they provide an isotopic record of that period, and can be compared against 
the isotopic composition of bone in order to assess geographic relocations after 
childhood. Recently, Warinner and Tuross (2009) found that pig enamel carbonate was 
enriched in 
18O relative to bone by up to 2‰. A similar enrichment has not yet been 
demonstrated for human enamel carbonate but should be kept in mind when assessing 
geographic relocations. Strontium-isotope (
87
Sr/
86
Sr) analysis could also provide insight 
because the strontium-isotope composition of human tissues reflects that of diet and 
indicates a geological region of origin. Regional variability occurs when strontium from 
underlying bedrock is incorporated into the food chain via plant uptake (Ericson, 1985). 
Grupe et al. (1997) identified variability in soil strontium isotopic compositions in the 
Regensburg region. Because there is greater variability in this area for soil strontium 
isotope compositions than for drinking water oxygen isotope compositions, the 
geographic identity of the poorhouse residents may become more obvious if their bone 
and enamel samples were subject to strontium isotopic analysis.   
 
3.5 Conclusions  
 The Minoritenweg cemetery skeletal collection from Regensburg, Germany 
provided the opportunity to explore two related research questions. The population was 
first used to test the relationship between disease and bone collagen nitrogen-isotope 
ratios. Although protein metabolism is altered during periods of physiological stress, the 
overall effects of these changes on collagen compositions appears to be minor. Because 
individual nitrogen-isotope compositions are not seriously distorted by disease processes, 
paleodiet studies need not exclude individuals with obvious bone pathology from their 
analyses. Thus, the second part of this research involved exploring the diet of the 
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Regensburg population. This was accomplished using the isotopic measures and by 
bringing the isotopic data together with insight from the historical literature to better 
illustrate the lives of the poorhouse residents. Although the lower socioeconomic class 
was a mobile group throughout medieval Europe, relocations may not have involved 
great distances, meaning that insight into migration from oxygen-isotope results is limited 
here.  
The disease data tell us that the poorhouse residents were survivors of debilitating 
conditions, and it is clear that Regensburg’s poor must have walked a fine line between 
survival and ruin. Even though many residents were probably self-supporting earlier in 
life, some misfortune, disease, or age forced them into community care. The dietary data 
support the idea that many individuals did not always live in absolute poverty because 
they avoided millet as a staple grain and regularly incorporated freshwater foods. 
Differential access to protein, however, suggests that the backgrounds of the poorhouse 
residents may have been diverse, despite a shared lower class status.  
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Chapter Four 
4 EXPLORING DIET AND GEOGRAPHIC IDENTITY IN A 
RURAL GERMAN COMMUNITY (9th-15th CENTURY) 
USING ISOTOPIC ANALYSES OF HUMAN TISSUES 
AND MEDIEVAL PERSEPECTIVES ON DIET  
 
4.1 Introduction  
 The goal of this research is to provide insight into the lives of a rural medieval 
community through a multi-isotope investigation of human bone. The samples analyzed 
here were recovered from a small cemetery near the Dalheim Monastery located in 
northwestern Germany in the city of Lichtenau (Figures 4.1A/B). The monastery dates to 
the early fifteenth century and today, the restored buildings and grounds serve as a public 
museum and garden. The cemetery, however, is not associated with the monastery itself 
but with an earlier structure at the site. A small parish church stood on the same grounds 
from as early as the ninth century and would have served the village community in the 
area over several hundred years (Pieper, 2000). Radiocarbon analysis of human bone 
suggests that the remains date from the late ninth to mid-twelfth centuries (Hofmann et 
al., 2008), while ceramic artifacts link the cemetery to the twelfth through fifteenth 
centuries (Niemeyer, 1991). The latest possible burials in the cemetery would predate 
1429 when the Augustinian monks purchased the surrounding land in order to build a 
monastery, essentially dispersing the community from the area (Pieper, 2000).  
 Isotopic data from the analysis of human remains are brought together here with 
insight from relevant historical literature to answer questions about diet and geographic 
associations, and to illustrate the interconnectedness of food choices, social class, and 
concepts of health in medieval German society. Stable isotope ratios are measures of our 
interactions with the environment and are expressed in delta (δ) notation as per mil (‰) 
differences. The isotopic compositions of collagen (bone protein: δ13Ccol, δ
15
Ncol) and 
structural carbonate (bone mineral: δ13Csc) are assessed here using traditional methods  
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Figure 4.1: The location of (A) Lichtenau, North Rhine-Westphalia, Germany, and 
(B) Dalheim Monastery
1
  
                                                 
1
 Maps downloaded from GeoBasis-DE/BKG (2009) and Google Maps (2012). 
B 
A 
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and modeling techniques in order to establish the relative importance of isotopically 
distinct foods in the diet at Dalheim. Because nitrogen metabolism of humans is affected 
by disease processes, relationships between isotopic compositions and the pathological 
conditions present in a sample are also considered. In addition, the oxygen-isotope 
compositions of structural carbonate (δ18Osc) are used to identify the presence of 
geographic foreigners in the population. Historical literature provides information about 
the accessibility of certain foods, social rules governing their consumption, and medieval 
views on the connections between diet and health. This evidence, considered together 
with the isotopic data, will better inform our understanding of the community that lived 
in medieval Dalheim.  
 
4.2 Background  
4.2.1 Medieval perspectives on diet 
 Medieval perspectives on diet, and on the relationship between diet and health, 
are drawn together here from historical research. Although the information drawn from 
original documents can sometimes be biased towards the lives of the social elite who 
could afford to keep records, surviving cookbooks, medical literature, account books, 
etc., all provide important glimpses into the day-to-day lives of medieval populations 
(Adamson, 1998). A number of factors regulated food options for residents of medieval 
Dalheim as they would have in populations across Europe during the Middle Ages. The 
social rules that governed consumption grew out of religious doctrine, differences in 
social rank, and notions about healthy eating.  
 The Catholic Church forbade its followers from eating most meats, dairy 
products, and eggs on more than one third of the calendar year (Adamson, 2002). Fish 
was an accepted alternative, and increased marine fish consumption has been documented 
at medieval European sites using isotopic analyses (e.g., Mays, 1997; Arneborg et al., 
1999; Barrett and Richards, 2004; Müldner and Richards, 2007; Salamon et al., 2008). By 
the 14th century, ocean fish like cod and herring were widely traded and are thought to 
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have been a part of most medieval European diets (Adamson, 2004; Barrett et al., 2011). 
However, freshwater fish were more commonly consumed by German populations 
located far from the ocean (Adamson, 2002). In addition, fish was expensive, and 
following the Church’s fasting laws may have been a struggle for many medieval 
German poor (Adamson, 2004). 
 Sixteenth century sources suggest that a number of foodstuffs were considered 
equally suitable for consumption by all social classes (e.g., pork, chicken, goose, goat, 
milk, and eggs among others) but in some cases, social rank determined which foods 
were considered appropriate for consumption by the wealthy versus the poor (Adamson, 
1995a). For example, beef, millet, oats, cabbage, chestnuts, beans, and turnips are 
associated with the lower classes (e.g., peasants and craftspeople), while venison, 
pheasant, hare, pigeon, crane, and peacock are identified as upper-class foods (Adamson, 
1995a). Classifications of this kind likely occurred because upper-class consumers could 
afford less available, more expensive foods but it was also believed that the hard-working 
peasantry shared a unique digestive constitution, capable of processing “coarser” foods 
like those named above (Adamson, 2004).  
 From the medieval European point of view, food played a critical role in 
maintaining and restoring health (Adamson, 1995b). Medieval medicine was derived 
from ancient Greek medical theory and involved balancing the four body humours or 
fluids (i.e., blood, yellow bile, black bile and phlegm) (van Winter, 2007). The humours 
were associated with personality types, physical qualities, seasons, and ages (see Table 
4.1). Individuals were thought to have predominant humours, and their personal 
constitutions determined the diseases to which they were prone, their emotional states, 
and the kinds of foods they should eat (Albala, 2003). As seasons changed, and as a 
person aged, dispositions would also change, meaning that individuals would have to 
adapt their food choices to maintain their health (van Winter, 2007). Foodstuffs had their 
own qualities that were imparted to the humans who consumed them (e.g., many 
vegetables and beef = dry; fruits and pork = moist, etc.) (Scully, 1995). Preparation 
methods played an integral role in altering the qualities of foods, and were applied with 
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Table 4.1: Characteristics associated with the four humours 
Humours Disposition Qualities Season Age 
Blood 
Sanguine: happy, 
optimistic 
Moist/humid; 
warm 
Spring Youth 
Yellow bile 
Choleric: easily 
angered, bad-tempered 
Dry, warm Summer Adolescence 
Black bile 
Melancholic: depressed, 
despondent 
Dry, cold Autumn Mid-life 
Phlegm 
Phlegmatic: calm, 
unemotional 
Moist/humid; 
cold 
Winter Old age 
Adapted from van Winter (2007), p. 59. 
 
the intent of improving the “safety” or healthiness of those foods. For example, fish was 
considered dangerously moist and cold and was often prepared through roasting which 
both dried and warmed the flesh (Scully, 1995). Good health was maintained by 
consuming foods that most closely matched an individual’s personal humoral makeup but 
food choices were also corrective, depending on the nature of the person (e.g., overly 
warm/moist persons were in need of cold/dry foods) (Albala, 2003). There were also 
established rules associated with age and sex. For example, women were considered 
moister and cooler than men. In addition, younger people were able to eat colder foods 
with fewer health consequences because youth is associated with heat, while the elderly 
were expected to avoid cold foods, which would worsen the conditions associated with 
their already cool dispositions (Gilchrist, 2012).  
 In addition to the religious, civil, and medical guidelines that mediated 
consumption, the residents of medieval Dalheim probably also dealt with the cycles of 
famine and disease that affected most of Europe during the Middle Ages. As a whole, the 
European population tripled in size between the eleventh and fourteenth centuries, and a 
number of serious food shortages occurred in the early years following this expansion 
(Reyerson, 1999). In addition, the spread of bubonic plague in the late 1340s killed up to 
one-third of the total European population, although urban communities were usually 
affected more severely than rural ones (Scott, 2002). Population decreases in cities due to 
bouts of plague were commonly followed by influxes of people from the countryside who 
repopulated urban centres (Lynch, 2003). The health crises and food shortages that would 
have made survival uncertain likely reduced the authority of the social rules governing 
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food choices. However, famine foods relied on by poor, rural populations (e.g., chestnuts 
and millet) also served to reinforce some of the existing social connections (Adamson, 
2004).  
4.2.2 Isotopic theory  
 Basic levels of isotopic variation are determined by climatic and environmental 
influences on plant species, and by the photosynthetic and nitrogen-fixing pathways 
employed by those plants (Ambrose, 1993). The isotopic compositions of plant-eaters 
reflect the compositions of plants but with some degree of change, and so on up the food 
chain. The carbon in collagen and structural carbonate is generally used to examine the 
relative consumption of two isotopically distinct groups of plants, i.e., C3 and C4 plants. 
Most fruits, vegetables, legumes, and grains fall into the category of C3 plants, which 
have lower δ13C values relative to C4 plants (Smith and Epstein, 1971; O'Leary, 1988). 
The C4 plants available to medieval Europeans were millet and sugarcane, although 
sugarcane would have been a rare and expensive commodity for most medieval Germans 
(Adamson, 2004). Stable carbon isotopic compositions may also be used as indices of 
marine food consumption because the 
13
C/
12
C ratio used by plants differs in oceanic and 
terrestrial ecosystems, causing the tissue δ13C values of marine mammals and fish to be 
~8‰ higher than that of terrestrial animals (Chisholm et al., 1982). 
 Bone collagen nitrogen-isotope ratios are used to determine protein source and 
trophic level. Isotopic variation begins at the base of the food chain where plant δ15N 
values range from about –3‰ to +6‰ on average (Virginia and Delwiche, 1982; Heaton, 
1987; Ambrose, 1993). In general, δ15Ncol values are ~3 to 6‰ higher than diet, and the 
δ15Ncol values of carnivores tend to be higher than those of omnivores which, in turn, are 
higher than those of herbivores in terrestrial populations (DeNiro and Epstein, 1981; 
Schoeninger, 1985; O'Connell et al., 2012). Breastfeeding infants tend to be one trophic 
level higher relative to the parent population because they consume milk formed from 
their mothers’ tissues, producing an average collagen enrichment of about ~2 to 4‰ 
(Fogel et al., 1989). In the larger ecosystem, aquatic animals often have the highest 
δ15Ncol values because aquatic plants have higher δ
15
N values relative to terrestrial plants 
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and because there are more trophic levels in marine and freshwater systems (Schoeninger 
et al., 1983; Schoeninger and DeNiro, 1984).  
 Some physiological conditions are associated with changes in the nitrogen-isotope 
composition of human tissues because altered protein metabolism and body nitrogen 
imbalances result from physiological stressors (Rennie, 1985). Hair keratin provides a 
sequential record, and changes in keratin δ15N values over time have been linked to the 
progression of both pregnancy and starvation (Fuller et al., 2004; Fuller et al., 2005; 
Mekota et al., 2006). White and Armelagos (1997) suggested that numerous pregnancies 
through time could increase the bone collagen δ15N values of women relative to others in 
the same population but the clearest evidence that physiological processes have an effect 
on bone collagen nitrogen-isotope ratios is derived from lesion collagen. Katzenberg and 
Lovell (1999), Strange (2006), and Olsen (Chapter 2) found that collagen extracted from 
bone lesions caused by osteomyelitic infections had different δ15N values relative to 
unaffected areas of bone from the same individuals. However, if the lesions themselves 
are avoided during sampling, paleodiet interpretations of nitrogen-isotope data are not 
confounded by the disease process (Olsen, Chapter 3).  
 Studies of geographic associations are based on the idea that the oxygen isotopic 
composition of drinking water varies regionally, and that human tissues directly reflect 
those variations. Environmental variables such as temperature and altitude affect the 
oxygen-isotope composition of drinking water (δ18Odw) (Dansgaard, 1964). When water 
is ingested, its isotopic signature is passed on to body water (δ18Obw), which then 
equilibrates with skeletal phosphate (δ18Op) (Longinelli, 1984; Luz et al., 1984). In well-
preserved bone, the oxygen-isotope composition of structural carbonate (δ18Osc) is 
correlated with that of skeletal phosphate (δ18Op) (Bryant et al., 1996; Iacumin et al., 
1996), which suggests that the oxygen from structural carbonate is also in equilibrium 
with body water. Thus, determining relative geographic identity is possible through 
oxygen-isotope analysis of structural carbonate, provided that environmental water 
oxygen isotopic compositions are known and different for possible region(s). In most 
cases, geographic foreigners can be identified within archaeological populations via 
oxygen-isotope compositions that lie outside the local range. 
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4.3 Materials and Methods 
4.3.1 Sample 
 The sample subset analyzed here is derived from the larger collection curated at 
the Institute of Anatomy at the University of Zurich, Switzerland. Recent photographs of 
the site are provided in Figures 4.2A/B, and an area map and view of the site during 
excavation, carried out by the Westphalian Museum of Archaeology in 1989, are 
provided in Figures 4.3A/B. Although the cemetery was not completely excavated, 151 
individuals were recovered from 110 burials at the site (Hofmann et al., 2008). The exact 
placement the burials was not recorded but the majority of burials were found in the area 
of a sheep stable (n = 126), while the rest were located in closer proximity to the church 
known as the Bartholomew Chapel (n = 25). None of the graves included coffins or burial 
objects, and all of the skeletons were found facing east (Hofmann et al., 2008). Age and 
sex determinations were difficult in many cases because skulls and pubic symphyses 
were deformed and broken as a result of shallow burial at ~ 60 - 110 cm below surface 
level (Hofmann et al., 2008). The population consists of subadults (22%; <20 years old), 
adults (45%; >20 years old), and individuals of unknown age (33%). Although the 
majority of skeletons could not be sexed (73%), the remaining distribution was 10.5% 
and 16.5% for males and females respectively. The skeletal material is categorized here 
by a modern understanding of age categories but it should be kept in mind that childhood 
and adulthood may have been acknowledged differently among past communities 
(Gilchrist, 2012; Halcrow and Tayles, 2011).   
 Age, sex, and pathology profiles for the individuals examined in this research (n = 
24) are summarized in Table H.1 of Appendix H. The most common pathological 
conditions include degenerative joint disease (spondylosis deformans, n = 10; Schmorl’s 
nodes, n = 2, osteoarthritis, n = 2), and Harris lines on the tibiae (n =4). Ribs
1
 were 
selected for analysis of collagen carbon- and nitrogen-isotope compositions, and the 
structural carbon- and oxygen-isotope compositions. Samples of vertebral bone were also  
                                                 
1
 Cortical bone fragments were analyzed in one instance for which a rib sample was unavailable. 
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Figure 4.2A/B: Foundations of the Old church (Bartholomew Chapel) and 
neighbouring Old sheep stable on the grounds of the Dalheim Monastery.
1
  
                                                 
1
 Pieper (2000); p. 26-27 
A 
B 
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Figure 4.3: (A) Circles indicate excavated areas;
1
 (B) View of  the Old church 
during excavation.
2
                                                 
1
 Modified from Hofmann et al. (2008); p. 3. 
2
 Pieper (2000); p. 28. 
West 
East 
Old church or  
Bartholomew Chapel 
Old sheep stable 
A 
B 
A East 
West 
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analyzed (n = 10) in order to test intra-individual variation in carbon- and nitrogen-
isotope ratios, and to establish a baseline for assessing inter-individual differences. In two 
cases, osteophyte (lesion) collagen was analyzed (n = 2) to assess the relationship  
between nitrogen-isotope compositions and degenerative joint disease.  
 
4.3.2 Analytical procedures 
Collagen 
 A modified Longin method was used to extract cortical bone collagen (Longin, 
1971; DeNiro and Epstein, 1978; Chisholm et al., 1983), which was then analyzed for its 
stable carbon- and nitrogen-isotope compositions. Bone samples (~1.0 g) were ground 
and placed into 0.5 M HCl solution until the mineral component of the bone dissolved. In 
addition, a 0.1 M NaOH solution was used to remove humic contaminants (Schoeninger 
and DeNiro, 1984). Collagen extracts were solubilized in 0.001 M HCl in a 90
○
C oven 
for sixteen hours. All samples were analyzed using a Costech elemental combustion 
system coupled with a ThermoFinnigan Delta Plus XL stable isotope ratio mass 
spectrometer (IRMS).  
The δ13C values were calibrated to VPDB using NBS-22 (–30.03‰) and IAEA-
CH-6 (+10.45‰). USGS-40 and USGS-41 were analyzed to verify the calibration curve. 
The former had a δ13C value of −26.42 ± 0.07‰ (mean ± SD; n = 12), as compared to its 
accepted value of –26.39‰. The latter had a δ13C value of +37.40 ± 0.21‰ (n = 11), as 
compared to its accepted value of +37.63‰. For one analytical session, sample δ15N 
values were calibrated to AIR using IAEA-N1 (+0.4‰) and IAEA-N2 (+20.3‰). For the 
three remaining analytical runs, δ15N values were calibrated to AIR using USGS-40 (–
4.5‰) and IAEA-N2 (+20.3‰). USGS-41 was analyzed to verify this calibration curve 
and had a δ15N value of +47.42 ± 0.33‰ (n = 11), as compared to its accepted value of 
+47.6‰. A keratin standard (#902111, MP Biomedicals) was analyzed every ~four to 
five samples throughout all analytical sessions. The mean δ13C and δ15N values of the 
keratin standard (n = 28) were -24.08 ±0.05‰ and 6.23 ±0.18‰ for the duration of 
laboratory analyses, which compares well to the accepted values of -24.04‰ and 6.36‰. 
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 Duplicate analyses were conducted on >10% of all collagen samples (n = 10/36). 
The average reproducibility of isotopic measurements for repeat analyses of the same 
extraction of collagen was ±0.03‰ for δ13Ccol values, and ±0.05‰ for δ
15
N values (n = 3; 
6 analyses). Replicate analyses of the same sample using a completely independent 
extraction of collagen had an average reproducibility of ±0.02‰ for δ13Ccol values, and 
±0.14‰ for δ15N values (n = 7; 14 analyses).   
 Excellent collagen preservation is indicated by both yield and carbon/nitrogen 
(C/N) ratios. The minimum acceptable collagen yield is 1% (van Klinken, 1999), and 
collagen yields for samples in this study ranged between 5.1 and 23.0% (mean = 10.3 ± 
5.2% SD, n = 43). The acceptable range in C/N ratios for unaltered bone collagen is 2.9 
to 3.6 (DeNiro, 1985), and the ratios of the samples tested here all fell within the 
acceptable range (mean = 3.2 ± 0.06 SD, range = 3.0 to 3.3, n = 46).  
Carbonate 
 Cortical bone samples (~0.20 g) were ground and sieved to a grain size smaller 
than 180 μm. A 2% reagent-grade bleach was then used to break down the organic 
components of bone. Samples were rinsed after 24 to 72 hours and then soaked in 0.1 M 
acetic acid for four more hours in order to eliminate contaminant carbonates. The samples 
were rinsed again, frozen and lyophilized. Carbonate samples were analyzed using a 
Micromass Multiprep coupled with a VG Optima dual-inlet stable isotope ratio mass 
spectrometer.  
 The δ13C values were calibrated to VPDB using NBS-19 (+1.95‰) and Suprapur 
(-35.28‰). NBS-18 and WS-1 were analyzed to verify the calibration curve. The former 
had a δ13C value of -4.98 ± 0.02‰ (mean ± SD; n = 6), as compared to its accepted value 
of -5.00‰. The latter had a δ13C value of +0.82 ± 0.07 (n = 8), as compared to its 
accepted value of +0.76. Sample δ18O values were calibrated to VSMOW using NBS-18 
(+7.20‰) and NBS-19 (+28.60‰). Suprapur and WS-1 were analyzed to verify the 
calibration curve. The δ18O values were +13.07 ± 0.15‰ (n = 4) and +26.19 ± 0.29‰ (n 
= 4) respectively, which compared well to their accepted values of +13.20‰ and 
+26.23‰. 
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 Duplicate analyses were conducted on >10% of the structural carbonate samples 
(n = 3/24). The average reproducibility of the isotopic measurements for replicate 
analyses of the same extraction of carbonate was ±0.02‰ for δ13Csc values, and ±0.11‰ 
for δ18Osc values (n = 2, 4 analyses). Replicate analyses of the same sample using a 
different extraction of carbonate had an average reproducibility of ±0.02‰ for δ13Csc 
values, and ±0.30‰ for δ18Osc values (n = 1, 2 analyses).  
 The isotopic integrity of structural carbonate was assessed using Crystallinity 
Index (CI) values, obtained by Fourier Transform Infrared (FTIR) spectroscopy of 
untreated samples following the methods of Shemesh (1990), Weiner and Bar-Yosef 
(1990), Wright and Schwarcz (1996), and Surovell and Stiner (2001). CI values in this 
study ranged from 2.5 to 2.8 (mean = 2.7 ± 0.1 SD, n = 24); acceptable values for 
untreated archaeological bone and tooth bioapatite generally fall between 2.6 and 4.0 
(Wright and Schwarcz, 1996; Nielsen-Marsh and Hedges, 2000a; Lee-Thorp and 
Sponheimer, 2003; Garvie-Lok et al., 2004). The three samples for which the CI values 
did not fall within the expected range (CI = 2.5 in all cases) were retained in the overall 
analysis, given that altered bone/tooth mineral is normally indicated by higher (>4.0), 
rather than only marginally lower than normal CI values.  
 C/P values (the ratio of carbonate to phosphate in bioapatite) are calculated by 
comparing peaks at 1415 and 1035 cm
-1
 in the FTIR spectra; these data provide an 
estimate of structural carbonate preservation. In well-preserved bone samples, C/P ratios 
should range between ~0.2 and 0.5, while degraded samples tend to be lower, and 
samples contaminated with soil carbonates often are higher (Wright and Schwarcz, 1996; 
Nielsen-Marsh and Hedges, 2000b; Smith et al., 2007). Here, the average C/P ratio for 
the Dalheim sample is 0.4 ± 0.04 SD (range = 0.3 to 0.5, n = 24), indicating excellent 
preservation of structural carbonate. In addition, the original isotopic composition of 
bone may be obscured if either secondary calcite or francolite are present in the samples. 
These diagenetic minerals are detected as sharp/discrete peaks in the FTIR spectra at 710 
and 1096 cm
-1
 respectively (Shemesh, 1990; Wright and Schwarcz, 1996). No secondary 
calcite was identified but all of the Dalheim bone samples exhibited very weak 
“shoulders” at 1096 cm-1. However, weak shoulders (unlike discrete peaks) likely reflect 
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the small amounts of fluorine that naturally occur in bioapatite and do not necessarily 
represent diagenetic contamination (Wright and Schwarcz, 1996).  
 Correlations between CI values and carbonate yields, C/P ratios, or the isotopic 
compositions of carbonate carbon or oxygen could also indicate loss of post-mortem 
isotopic integrity. However, no significant correlations were found between CI values 
and carbonate yields (Pearson’s r = 0.44, df = 22), C/P values (Pearson’s r = 0.07, df = 
22), δ13Csc values (Pearson’s r = -0.05, df = 22), or δ
18
Osc values (Pearson’s r = 0.06, df = 
22). Thus, it is unlikely that these samples have been significantly altered.  
   
4.4 Results 
4.4.1 Bone collagen results (δ13Ccol, δ
15
Ncol) 
 The isotopic dataset for human bone collagen is reported in Tables I.1-2 of 
Appendix I. Mean rib collagen isotopic compositions are –20.0 ± 0.2‰ SD for carbon, 
and +9.9 ± 1.0‰ SD for nitrogen (n = 24). The range of δ13Ccol values is small (<1‰; –
20.3 to –19.6‰) in comparison to the range of δ15Ncol values (>4‰; +8.2 to +12.7‰). In 
addition, intra-individual variability was tested for ten individuals by analyzing fragments 
of vertebrae. Average differences between related rib and vertebra collagen were small 
for both δ13Ccol values (±0.07‰) and δ
15
Ncol values (±0.16‰). The average difference 
between osteophyte (degenerative joint lesion) collagen and related rib and vertebra 
collagen was also small for δ13Ccol values (±0.11‰) and δ
15
Ncol values (±0.20‰).  
 Figure 4.4 illustrates the mean and range of carbon- and nitrogen-isotope collagen 
compositions for men and women in the Dalheim sample, and although the means are 
essentially the same, the range for δ15N values is larger among women than men. In 
Figure 4.5, the isotopic data are organized by age group, and the age groups are 
subdivided by sex in Table 4.2. There are no significant differences in carbon-isotope 
compositions related to either age or sex. However, a one-way Analysis of Variance 
(ANOVA) test identified differences between age groups for nitrogen-isotope 
compositions [F(3,18) = 3.83, p = 0.03)]. Tukey post-hoc comparisons found that δ15N  
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Figure 4.4: Mean and range distribution of carbon-and nitrogen-isotope 
compositions of bone collagen for men and women in the Dalheim skeletal sample. 
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Figure 4.5: Mean and range distribution of carbon-and nitrogen-isotope 
compositions for different age groups in the Dalheim sample.  
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Table 4.2: Age and sex distributions of collagen carbon- and nitrogen-isotope data 
Age Category Age Range Sex N δ
13
Ccol SD δ
15
Ncol SD 
Child ~7-12 years ? 5 -20.1 ±0.1 9.1 ±0.6 
Young adult ~20-40 years M 3 -19.8 ±0.2 10.4 ±1.4 
  
F 1 -20.1 
 
12.7 
 Mature adult ~40-60 years M 4 -19.8 ±0.1 9.8 ±0.5 
  
F 5 -20.0 ±0.2 9.7 ±0.5 
Elderly adult >60 years M 3 -20.0 ±0.2 10.0 ±0.9 
  
F 1 -19.0 
 
9.4 
 
Adult unknown F 2 -20.2 ±0.1 10.3 ±1.1 
 
values for children (mean = +9.1 ± 0.6‰ SD) were lower than those of young adults 
(mean = +11.0 ± 1.6‰ SD) at the p < 0.02 level.  
 No additional age group comparisons were significant. A T-test comparison of the 
sexes was possible only for the mature adult category; the nitrogen-isotope compositions 
of males and females in this subgroup were nearly identical. 
 
4.4.2 Bone structural carbonate results (δ13Csc, δ
18
Osc) 
 Structural carbonate isotopic data are provided in Table I.3 of Appendix I. The 
mean δ13Csc value for the Dalheim population is –13.2 ± 0.6‰ SD (range = –14.8 to –
12.4‰), and the average δ18Osc value is +24.6 ± 0.5‰ SD (range = +23.1 to +25.3‰). 
Table 4.3 provides the age and sex distribution of the carbon and oxygen isotopic data; no 
significant differences were found between males and females or among age groups.  
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Table 4.3: Age and sex distributions of structural carbonate carbon- and oxygen-
isotope data 
Age Category Age Range Sex N δ13Csc SD δ
18
Osc SD 
Child ~7-12 years ? 5 -13.1 ±0.4 24.8 ±0.4 
Young adult ~20-40 years M 3 -13.4 ±1.3 24.1 ±1.0 
  
F 1 -13.0 
 
25.0 
 Mature adult ~40-60 years M 4 -13.5 ±0.5 24.4 ±0.4 
  
F 5 -13.1 ±0.2 24.6 ±0.3 
Elderly adult >60 years M 3 -13.2 ±0.5 25.0 ±0.1 
  
F 1 
    Adult unknown F 2 -13.4 ±0.5 24.9 ±0.0 
 
 
4.5 Discussion  
4.5.1 Intra- and inter-individual variation (δ13Ccol, δ
15
Ncol)  
 The differences in isotopic composition between related rib and vertebra collagen 
for δ13Ccol values (±0.07‰) and δ
15
Ncol values (±0.16‰) only slightly exceeded 
reproducibility for replicate analyses of randomly selected samples using independent 
extractions of collagen (δ13Ccol = ±0.02‰; δ
15
Ncol = ±0.14‰). This outcome suggests that 
these related skeletal elements have very similar isotopic compositions. This check of 
intra-individual variability serves as a baseline for testing inter-individual variability. 
Thus, the most meaningful differences in isotopic compositions between individuals are 
those that exceed average intra-individual variation. Little variation occurred among 
individuals in terms of δ13Ccol values but δ
15
Ncol values for Dalheim residents ranged over 
4.5‰ (+8.2 to +12.7‰). Although this distribution was likely not caused by disease 
physiology (Olsen, Chapter 3), δ15Ncol values of individuals with identified pathological 
conditions were compared to those without in order to ensure that disease processes were 
not confounding the interpretation of collagen isotopic compositions. No significant 
differences were found between pathology-absent and pathology-present groups (see 
Table 4.4).  
 Degenerative joint disease was not expected to have caused differences in δ15Ncol 
values because the condition is not associated with changes in protein (nitrogen)  
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Table 4.4: Mean δ15Ncol values for groups exhibiting the presence or absence of 
pathology 
 
Group 
Number 
(n) 
δ15Ncol (‰, AIR)  
Mean ± SD 
p* 
Degenerative joint disease      
Inclusive (spondylosis deformans, 
Schmorl’s nodes, and osteoarthritis) 
Absent 14 9.9 ± 1.2 
0.91 
Present 10 9.9 ± 0.7 
Spondylosis deformans 
Absent 14 9.9 ± 1.2 
0.91 
Present 10 9.9 ± 0.7 
Schmorl’s nodes 
Absent 22 9.9 ± 1.0 
0.56 
Present 2 9.5 ± 0.1 
Osteoarthritis  
Absent 22 9.9 ± 1.0 
0.69 
Present 2 10.2 ± 1.3 
Non-specific stress     
Harris lines on the tibiae  
Absent 20 10.0 ± 1.1 
0.36 
Present 4 9.5 ± 0.1 
*p = Significant difference between the means of two groups or three groups was tested using 
a Student’s t-test.  
 
metabolism. The bony outgrowths or osteophytes indicative of degenerative joint disease 
usually develop with advancing age in response to biomechanical stress on a joint, and 
their formation is similar to that of a healing fracture callus but without the associated 
inflammatory response (Hilel, 1962; O'Neill et al., 1999; van der Kraan and van den 
Berg, 2007). The isotopic composition of collagen from the two osteophyte lesions 
analyzed as part of this research were not distinguishable from related rib and vertebra 
collagen (δ13Ccol = ±0.11‰; δ
15
Ncol = ±0.20‰), further supporting the lack of connection 
between degenerative joint disease and bone collagen isotopic compositions.  
 In contrast to degenerative disease, Harris lines could be associated with nitrogen 
imbalances because they are non-specific indicators of nutritional deficiency or disease 
during childhood. For example, changes in tissue nitrogen-isotope compositions have 
been linked to negative nitrogen balances in cases of starvation (hair keratin) and serious 
infection (bone collagen) (Katzenberg and Lovell, 1999; Fuller et al., 2005; Mekota et al., 
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2006; Strange, 2006). Although no isotopic differences were found here between the 
group exhibiting Harris lines and the group that did not, it is possible that the influence of 
nutritional deficits or disease processes on δ15Ncol values (if any) would have been 
obscured by additional bone turnover as individuals continued to age, given that Harris 
lines represent recovery from episodes of stress (Roberts and Manchester, 2005).  
 
4.5.2 Diet (δ13Ccol, δ
15
Ncol, δ
13
Csc)  
 Figure 4.6 illustrates the Dalheim collagen isotopic data in a food web developed 
for medieval European diet. The boxes in the figure are based on faunal data reported for 
medieval Regensburg (Olsen, Chapter 3) and previously published data for other sites in 
northern Europe (Müldner and Richards, 2007; Barrett et al., 2008). Although plant 
species generally tend to have low δ15N values (i.e., –3 to +6‰, Virginia and Delwiche, 
1982), plant boxes are not shown in Figure 4.6 because the δ15N values for plant 
domesticates of interest are not well documented. However, tests of C3 plants (including 
wheat, barley, and oats) in the 1960s identified a modern average δ13C value of about –
27.2‰ (Bender, 1968). Given that modern values are approximately –1.6 ± 1.0‰ lower 
than pre-industrial plants due to the effect of fossil fuel burning on atmospheric carbon 
(Yakir, 2011), the compositions of C3 crops during the Medieval period likely ranged 
from about –26.5 to –24.5‰. In contrast, C4 plants (including sugarcane and millet) have 
an adjusted δ13C average of –13.1 to –11.1‰ (Bender, 1968). Although both millet and 
sugarcane could have been consumed by medieval Europeans, cane sugar was an 
expensive and less common commodity, eaten like a spice in small quantities (Adamson, 
2004).  
 The low δ13Ccol values (–20.0‰) at Dalheim suggest that C4 resources (plants or 
plant-consumers) and marine foods were not substantial components of the diet. Millet 
consumption has been indicated in other early European populations by high δ13Ccol 
values (e.g., –14‰, Murray and Schoeninger, 1988). A reliance on marine foods is also 
linked to higher δ13Ccol values (e.g, >–19‰, Müldner and Richards, 2007). Although the 
exact degree of 
13
C enrichment from diet to human bone collagen is still debated, the 
commonly accepted values of ~1 to 5‰ (DeNiro and Epstein, 1978; van der Merwe and  
138 
 
 
 
Figure 4.6: Food web model illustrating collagen isotopic compositions for the 
Dalheim population.
1
  
                                                 
1
 Ecosystem boxes are based on the faunal data reported for Regensburg, Germany (Olsen, Chapter 3), and 
published data from Müldner and Richards (2007) and Barrett et al. (2008). Human data are not corrected 
for trophic level effects. 
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Vogel, 1978) suggest that the Dalheim population could have depended heavily on C3 
plant foods. And yet, animal protein also may have been an important dietary component 
since predator-to-prey differences in carbon-isotope ratios (δ13Ccol predator - δ
13
Ccol prey) are 
estimated to be about 0 to 2‰ (Bocherens and Drucker, 2003).  
 If the Dalheim population had subsisted primarily on C3 plants, the average 
nitrogen-isotope composition would resemble that of terrestrial herbivores (e.g., cow or 
sheep). Unfortunately, no animal remains were available for comparison at this site. 
Terrestrial herbivores in other medieval German samples have δ15Ncol values that average 
+6.9 ± 1.3‰ (n = 9, Olsen, Chapter 3) and +6.6 ± 1.3‰ (n = 26, Strott et al., 2007) 
Figure 4.6 shows that the δ15Ncol data mainly cluster in the upper limit of the terrestrial 
ecosystem box of the medieval food web, and given that collagen is enriched in 
15
N by 
about 3 to 6‰ (DeNiro and Epstein, 1981; Schoeninger, 1985; O'Connell et al., 2012), it 
is possible that terrestrial mammal and/or bird protein was a regular part of the diet at 
Dalheim. Because freshwater ecosystem box overlaps with that of the terrestrial 
ecosystem, it is also possible that freshwater resources had a role in the diet. Two 
individuals in the dataset are mild outliers
1
 (δ15Ncol values > +11.3‰), which could 
indicate that they accessed protein from a higher trophic level (e.g., pork or fish) than the 
rest of the group.  
 Meat consumption cannot be discerned from egg and dairy consumption using 
carbon- and nitrogen-isotope data alone (O'Connell and Hedges, 1999), which means that 
the Dalheim population could have relied more on these secondary animal products if 
meat products were less accessible. In addition, Bogaard et al. (2007) noted that high 
δ15Ncol values among humans (~+9 to +11‰) could be produced by vegetarian diets if 
those crops were grown using animal manure which increases plant δ15N values by ~3 to 
5‰. Poultry manure has also been shown to have a similar effect on fruit and vegetable 
isotopic compositions (Bateman et al., 2005; Rapisarda et al., 2010). Although the use of 
manure on crops in the Dalheim region has not been documented, manuring was a part of 
farming practices throughout Europe during the Medieval period (Jones, 2012). Only two 
                                                 
1
 Outliers detected using interquartile range 
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individuals in the Dalheim sample have δ15Ncol values that are well above +11‰ (the 
sample outliers), which could indicate primarily vegetarian diets for the remaining 
individuals if manuring at the site had been commonplace.  
 Independent of nitrogen-isotope compositions, the spacing between carbonate and 
collagen δ13C values (∆13Csc-col) provides a secondary index of trophic level for ancient 
food webs. The ∆13Csc-col spacings are usually large for herbivores, smaller for omnivores 
and smallest among carnivores as a result of metabolic differences among animals and 
13
C variation among dietary proteins, carbohydrates, and lipids (Krueger and Sullivan, 
1984). In the Dalheim sample, the average ∆13Csc-col spacing is 6.8 ± 0.6‰ SD (range = 
4.7 to 7.9), which could reflect an omnivorous diet but with a trend towards herbivory 
(Lee-Thorp et al., 1989). Because local faunal remains were unavailable for comparison, 
establishing exact ∆13Csc-col spacings for herbivores, carnivores, and omnivores in this 
context is not possible. However, at other medieval German sites, omnivorous diets have 
been interpreted from human ∆13Csc-col spacings that range from 5.3 (Schleswig, n = 9; 
Grupe et al., 2009) to 5.9 (Regensburg, n = 111, Olsen, Chapter 3) and 7.1 to 8.5 (four 
cemeteries in Bavaria, n = 25; Strott et al., 2007). Freshwater birds, freshwater 
fish/terrestrial animals, and terrestrial animals were the main protein sources at 
Schleswig, Regensburg, and Bavarian sites, respectively. These differences may account 
for the variability in ∆13Csc-col spacings across sites. 
 
4.5.3 Simple carbon and multivariate-isotope models  
 Isotopic modeling techniques are presently becoming a more popular component 
of paleodiet analyses because they purportedly provide more detailed insight into the 
composition of ancient diets than traditional methods of interpretation, e.g., food webs 
(see Reitsema et al., 2010; Yoder, 2012; Sommerville et al., 2013 for examples). As an 
additional assessment of diet for this population, therefore, the isotopic data for Dalheim 
are interrogated using a bivariate (simple) carbon model (Kellner and Schoeninger, 2007; 
Froehle et al., 2010), and a multivariate-isotope model (Froehle et al., 2012). Data from 
other medieval European sites are also included in this analysis for regional comparison.  
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Simple carbon model  
 Krueger and Sullivan (1984) noted that the carbon-isotope composition of 
collagen (δ13Ccol) is primarily influenced by dietary protein and thus does not provide 
insight into the isotopic composition of the remaining dietary components (i.e., lipids and 
carbohydrates). In contrast, the carbon-isotope composition of structural carbonate 
(δ13Csc) reflects the isotopic composition of whole diet (i.e., protein, lipids, and 
carbohydrates) but cannot be used to identify primary sources of dietary protein 
(Ambrose and Norr, 1993; Tieszen and Fagre, 1993). Kellner and Schoeninger (2007) 
and Froehle et al. (2010) developed the ‘simple’ carbon model as a means of using δ13Ccol 
and δ13Csc data together in order to discern the ratio of C3 to C4 foods (plants and plant-
consumers) in the diet, and to identify the origins of dietary protein as either C3- or 
C4/marine-derived protein. The model cannot differentiate between C4- and marine-
derived protein because these resources share similar carbon isotopic compositions. 
Kellner and Schoeninger (2007) and Froehle et al. (2010) combined experimental animal 
data to produce parallel regression lines that characterize known diet types (Figure 4.7). 
They consider the model appropriate for mapping human datasets because the animals 
used (rats, mice, and pigs) did not differ significantly in terms of the relationships found 
between diet and bone isotopic compositions, and because archaeological populations 
with well-identified diets fit their model.  
 Figure 4.7 illustrates the δ13Ccol and δ
13
Csc values for Dalheim in relation to the 
regression lines of the simple carbon model. The location of compositions along the x-
axis denotes the ratio of C3 to C4 foods in the diet, while proximity to the regression lines 
(y-axis) discriminates between primary sources of dietary protein (Froehle et al., 2010). 
The carbon isotopic compositions for Dalheim cluster on the C3 protein line, indicating 
that dietary protein was derived from C3 foods (i.e., plants or plant-consumers). The 
carbon isotopic compositions are also low on the x-axis, suggesting that the proportion of 
C3 foods in the diet is much higher than that of C4 foods. Because the 
13
C values are not 
at the 100% C3 endpoint, it is possible that a small proportion (less than ~25% by visual 
estimate) of carbon was derived from C4 foods (e.g., millet or millet-fed animals) or 
marine resources. Given that Dalheim is located distantly from the ocean, however,  
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Figure 4.7: The simple carbon model adapted from Kellner and Schoeninger (2007) 
and Froehle et al. (2010). Individual δ13Ccol and δ
13
Csc values are plotted for 
Dalheim.  
 
consumption of marine foods (such as dried cod, see Barrett et al., 2011) would have 
depended entirely on import and trade. Possible consumption of C4 or marine foods was 
not indicated by the traditional food web model (refer to Figure 4.6). 
 Figure 4.8 illustrates the mean δ13Ccol and δ
13
Csc values for Dalheim in relation to 
that of several other medieval European sites. The choice of comparative sites was 
limited by the fact that few papers report both δ13Ccol and δ
13
Csc values. The sites included 
here are Regensburg, Germany (Olsen, Chapter 3), Giecz, Poland (Reitsema et al., 2010),  
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Figure 4.8: The simple carbon model adapted from Kellner and Schoeninger (2007) 
and Froehle et al. (2010). Mean δ13Ccol and δ
13
Csc values for Dalheim and other 
medieval European sites.
1
 
 
three populations from Øm Kloster, Denmark (Yoder, 2012), Schleswig, Germany 
(Grupe et al., 2009), and four cemeteries in Bavaria, Germany (Strott et al., 2007). 
 The figure only illustrates population means because the similarity of isotopic 
compositions across the sites made individual datapoints difficult to resolve visually. 
Figure 4.9 illustrates the population means ± standard deviations at an enlarged scale. 
The δ13Ccol and δ
13
Csc values are fairly consistent across populations even though the sites  
                                                 
1
 Additional data from from Olsen (Chapter 3), Strott et. al. (2007), Grupe et al. (2009), Reitsema et al. 
(2010), and Yoder (2012). 
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Figure 4.9: Enlarged area of the simple carbon model adapted from Kellner and 
Schoeninger (2007) and Froehle et al. (2010). δ13Ccol and δ
13
Csc mean values ± 
standard deviations for Dalheim and other medieval European sites.
1
 
 
are not closely related geographically. Sample means for all populations plot near the C3 
protein line, indicating that dietary protein was primarily derived from C3 sources rather 
than C4 or marine protein. Although the proportion would have been small in each case, 
C4 and marine foods may not have been completely absent from the diets of these 
populations because their means are higher than the 100% C3 endpoint. Differences in 
δ13Ccol and δ
13
Csc values among the sites suggest that some populations may have 
included more of these resources (e.g., Giecz) than others (e.g., Schlewisg). In some 
cases, C4 plant and marine resource consumption have already been identified (Reitsema 
                                                 
1
 Additional data from Olsen (Chapter 3), Strott et. al. (2007), Grupe et al. (2009), Reitsema et al. (2010), 
and Yoder (2012).  
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et al., 2010; Yoder, 2012) but this is not the case in others (Olsen, Chapter 3; Strott et al., 
2007; Grupe et al., 2009).  
Multivariate-isotope model  
 Because the simple carbon model cannot be used to discern between C4 food and 
marine resource consumption, Froehle et al. (2012) introduced the multivariate-isotope 
model, which resolves this issue by incorporating δ15Ncol results. Froehle et al. (2012) 
applied cluster and discriminant function analyses to several archaeological populations 
or “test samples” for which strong non-isotopic evidence of diet existed. The cluster 
analysis identified five distinct diet subgroups as follows: 
 Cluster 1:  total diet  = 100% C3 foods (plants or plant-consumers) 
   protein source = 100% C3 protein  
 Cluster 2: total diet  = 30% C3 foods (70% C4 foods) 
   protein source = <50% C3 protein  
 Cluster 3: total diet  = 50% C3 foods (50% C4 foods)  
   protein source = high marine protein  
 Cluster 4: total diet  = 70% C3 foods (30% C4 foods)  
   protein source = >65% C3 protein  
 Cluster 5: total diet  = 30% C3 foods (70% C4 foods)  
   protein source = >65% C3 protein 
  
Froehle et al. (2012) then used the results of the cluster analysis to generate two functions 
or linear equations that describe how the test samples varied in terms of the isotopic data:  
 
Function 1 = (0.322•δ13Csc) + (0.727•δ
13
Ccol) + (0.219•δ
15
Ncol) + 9.354 
[Equation 4.1]; 
 
Function 2 = (-0.393•δ13Csc) + (0.113•δ
13
Ccol) + (0.622•δ
15
Ncol) - 8.703 
          [Equation 4.2] 
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The function scores were ultimately used to create a plot that illustrated the five dietary 
clusters and provided a working space for evaluating the diet of additional/new 
archaeological populations (Figure 4.10, Froehle et al., 2012). The boxes (fields) in the 
figure reflect the minimum and maximum function scores for each of the dietary clusters, 
while the values inside the fields represent cluster means ± two standard deviations.  
 Here, function scores were calculated using the isotopic data for Dalheim and are 
plotted on Figure 4.10. Some of the scores for the Dalheim population plot within Cluster 
1, reflecting a diet based entirely on C3 foods, but most do not fit within any of the 
currently established fields. Although the scores for Dalheim are similar to those 
represented by fields 1 and 4, the diet of Dalheim residents likely differed from that of 
the populations used to create the dietary clusters. Froehle et al. (2012) generated Cluster 
1 using data primarily from a non-farming population in Ontario (Canada) that consumed 
C3 plants, wild game, waterfowl, and freshwater fish, while Cluster 4 was mainly derived 
from a similar Ontarian population that also relied on maize (C4) agriculture. Thus, it is 
not surprising that Dalheim, a C3 plant-based agricultural community, fits poorly into 
either cluster.  
Lower carbon (Function 1) scores may reflect C3-based agriculture, while lower 
nitrogen (Function 2) scores may reflect a more vegetarian diet, or a lesser dependence 
on freshwater animals (e.g., birds and fish). The placement of the Dalheim data on the x-
axis (below the lower limits of the Cluster 4 box) suggests that less than 30% of the diet 
would have been derived from C4 foods. This finding matches well with simple carbon 
model that predicted less than ~25% of the Dalheim diet was derived from C4 or marine 
sources.  
 Figure 4.11 illustrates the mean function scores for the medieval European 
populations assessed earlier using the simple carbon model: Regensburg, Germany 
(Olsen, Chapter 3), Giecz, Poland (Reitsema et al., 2010), Øm Kloster, Denmark (Yoder, 
2012), Schleswig, Germany (Grupe et al., 2009), and Bavaria, Germany (Strott et al., 
2007). Individuals from the Bavarian sites have function score means similar to that of 
Dalheim. Thus, the location of scores near to (but not inside) Cluster boxes 1 and 4 likely 
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Figure 4.10: Multivariate-isotope model adapted from Froehle et al. (2012). Individual discriminant function values for the 
Dalheim population (o) are plotted against previously generated dietary clusters.
1
 
                                                 
1
 Boxes reflect the minimum and maximum function scores for each dietary cluster, while the values inside the boxes represent the cluster mean ± two standard 
deviations. 
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Figure 4.11: A multivariate-isotope model adapted from Froehle et al. (2012). Mean discriminant function values for medieval 
European populations are plotted against previously generated dietary clusters.
1
 
                                                 
1
 Boxes reflect the minimum and maximum function scores for each dietary cluster, while the values inside the boxes represent the cluster mean ± two standard 
deviations. Additional data from Olsen (Chapter 3), Strott et. al. (2007), Grupe et al. (2009), Reitsema et al. (2010), and Yoder (2012). 
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suggest a strong focus on C3 plant-based agriculture, a more vegetarian diet, and/or a 
lesser dependence on freshwater species (i.e., birds and fish). Strott et al. (2007) 
suggested that the Bavarian populations depended primarily on C3 plant-consumers (e.g., 
beef, pork, etc.), whereas waterfowl and freshwater fish were thought to be important 
components of the diet at Schleswig (Grupe et al., 2009) and Regensburg (Olsen, Chapter 
3), respectively. These dietary differences appear to be reflected in the separation of sites 
along the y-axis (Function 2, nitrogen) of Figure 4.11.  
 Three of the populations, Regensburg, Schleswig, and Øm Kloster, plot within the 
field for Cluster 1. Yoder (2012) hypothesized that some individuals from the Danish 
populations (Øm Kloster) consumed marine foods, and although the simple carbon model 
seemed to support this hypothesis, the multivariate-isotope model points to a diet entirely 
based on C3 resources. The multivariate-isotope model also indicates that C4/marine 
resource consumption was absent at Regensburg and Shleswig, which is at odds with the 
findings of the simple carbon model, but not with the conclusions of earlier dietary 
assessments (Olsen, Chapter 3; Grupe et al., 2009). The Polish population (Giecz) is the 
only group in the regional comparison that plots within the Cluster 4 field. Although the 
majority of dietary protein was still derived from C3 plants or plant-consumers, C4 or 
marine foods likely contributed to ~30% of whole diet. This result matches well with 
Reitsema et al. (2010) who concluded that millet and minor marine fish consumption 
were responsible for higher δ13Ccol and δ
13
Csc values at this site. In this instance, the 
simple carbon and multivariate-isotope models correlate well. The conflicting dietary 
interpretations arising from the two models (in some cases) suggest that either the simple 
carbon model overestimates the contribution of C4 or marine foods to the diet, or that the 
multivariate-isotope model is not successful at detecting relatively moderate (lower than 
~30%) contributions of these resources to the diet. 
 
4.5.4 Insight from the medieval perspective  
 Religious doctrine, differences in social rank, and notions about healthy eating all 
played roles in determining what individuals should and should not eat during the Middle 
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Ages. If (and how well) these social rules were followed probably varied by context. For 
example, surviving cookbooks suggest that wealthy Germans began eating milk, cheese, 
and eggs on fast days long before all Catholics were officially permitted to do so by the 
Church (Adamson, 2002). However, the choices made by lower class communities with 
regards to fasting laws are less obvious. If the rural community in Dalheim followed the 
dietary guidelines set by the Church, they did not rely heavily on marine fish as a 
replacement for terrestrial animal products. The isotopic data suggest that the population 
derived their protein from non-marine resources even though fish like herring and cod 
were thought to have been dietary staples throughout medieval Europe (Adamson, 2004). 
Because the Dalheim site is situated far inland, however, ocean fish may not have been 
easily accessible to its residents. Thus, freshwater fish may have been a more feasible 
alternative, although low δ15Ncol values indicate that the population may not have 
depended much on this resource either. Adamson (2004) notes that fish was an expensive 
food and that the medieval German poor may have turned to protein-rich legumes (e.g., 
broad beans) rather than fish on fast days.  
 Socially appropriate foods for the German lower class seem to have been those 
foods that wealthier individuals could afford to avoid. Coarse, dense, and dark breads 
were inexpensive and considered suitable for the digestion systems of hard-working 
peasants, while high-priced white bread was thought to be a much better for the stomachs 
of the rich (Adamson, 2004). Medieval cookbooks suggest that wealthy Germans also 
avoided less expensive foods like millet, beans, cabbage, turnips, and beef, indirectly 
indicating that these foods were associated with lower class consumers (Adamson, 2004). 
In addition, negative humoral qualities were commonly assigned to “lower class” foods 
by medieval physicians (e.g., both cabbage and beef were thought to generate 
melancholy), thus giving the elite official reasons to avoid them (Adamson, 2004). At 
Dalheim, millet (the only accessible C4 plant) may have played a minor role in the diet 
but the isotopic data suggest C3 plants were likely the more dominant fare. That is not to 
say that dairy, eggs, and terrestrial animal meats had no role in the diet. However, in 
times of crisis, animal products were much scarcer and consequently, vegetarian-based 
diets were more common for many lower class communities throughout medieval 
Germany (Adamson, 2002).  
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 Medieval physicians and cooks would have been well-versed in the humoral 
properties and health effects of various foods and both were hired to apply their expertise 
to meal preparation in wealthy European households (Scully, 1995). Considering that 
popular medical literature of the period would have been aimed at, and accessed by the 
wealthy, it is not clear how pervasive humoral theory would have been among the less 
literate segments of German society. Although food options may have been more limited, 
poor families still had to make decisions about the kinds of foods they acquired and how 
they chose to prepare those foods. Thus, social understanding in some form must have 
influenced these decisions. At Dalheim, children (7 to 12 years) have the lowest δ15Ncol 
values in the population, and the results are significantly different from those for young 
adults (20 to 40 years). This suggests that children consumed protein from a lower 
trophic level (e.g., more plant than animal protein). From the humoral point of view, 
children and adults are expected to have different diets because a person’s temperament 
changes with age, and appropriate food options would change accordingly (van Winter, 
2007). Therefore, adherence to humoral guidelines could be a contributing factor to the 
dietary distinctions observed in the nitrogen-isotope results. For example, many 
vegetables were considered ‘dry’ but stewing them would have added a degree of 
moistness (Scully, 1995), making them appropriate for consumption by healthy ‘moist’ 
individuals such as children. With the exception of milk and egg yolks, the humoral 
qualities of higher protein foods like pork (moist/cold), beef (dry/warm), fish 
(moist/cold), and cheese (moist/cold) are less appropriate for healthy children who tend 
to have moist/warm constitutions and would require moist/warm foods in order to 
maintain their health. Of course, the appropriateness of these foods may have changed, 
depending on preparation method, or if a child’s humors were thought to be in need of 
correction or balance. If humoral rules governing food choices at Dalheim were the 
primary determinant of diet, differences between the sexes and other age groups might 
have been expected. However, isotopic analysis would not be able to discern between 
foods from similar trophic levels with different humoral characteristics (e.g., terrestrial 
meats). This may explain why no dietary differences were observed between males and 
females, or between the young adult and elderly age groups.  
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4.5.5 Geographic Associations (δ18Osc) 
 Figure 4.12 illustrates the δ18Osc and δ
15
Ncol values for the Dalheim sample. 
Outliers in this dataset could be considered “special” people within a population. Two 
individuals are group mild outliers in terms of their nitrogen-isotope compositions but 
one young adult male’s oxygen-isotope composition is also a mild outlier in this group1. 
His δ18Osc value is the lowest in the sample, and his δ
15
Ncol value is the second highest. 
This young adult male also has the highest δ13Ccol and lowest δ
13
Csc values. These results 
suggest a different geographic origin for this individual, or – less likely – that he accessed 
different food and water resources locally than the rest of the group. The only other 
outlier (+12.7‰, δ15Ncol) does not correspond with a unique δ
18
Osc value suggesting that  
dietary diversity in this sample is not necessarily related to an obvious difference in 
drinking water source(s) and hence geographic origin.  
 
 
Figure 4.12: The distribution of oxygen (δ18Osc) and nitrogen (δ
15
Ncol) isotope 
compsoitions by sex for the the Dalheim sample. 
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 Further insight into the geographic association(s) of the Dalheim residents may be 
obtained by calculating the oxygen isotopic composition of drinking water (δ18Odw) using 
the average bone δ18Osc value. When the δ
18
Osc value of the group outlier is removed, the 
sample average becomes +24.7‰ ± 0.4‰ (range = +24.1 to +25.3‰). The following 
equations can be used to convert the δ18Osc value to an equivalent bone phosphate oxygen 
isotopic composition (δ18Op), and then to an average δ
18
Odw value:  
 
  δ18Op = 0.98 • δ
18
Osc - 8.5 (Iacumin et al., 1996)  [Equation 4.3];  
 
  δ18Odw = 1.54 • δ
18
Op - 33.72 (Daux et al., 2008) [Equation 4.4] 
 
From these calculations, the corresponding average δ18Odw value for the Dalheim 
population is –9.5‰. The individuals in the sample would be considered local if the 
drinking water supply at medieval Dalheim had this composition. However, the sources 
of drinking water that were available are not entirely known and may have ranged in 
oxygen isotopic composition. The only nearby source of running water is a small stream 
(known as the Piepenbach), which travels past the east side of the site (Pieper, 2000). 
There are also several small ponds in the area but the age of these bodies of water is not 
clear. It is also possible that water was drawn from wells or collected from rain and snow.  
 Modern precipitation in the region has an annual δ18O average of –8.9‰ and 
reflects a seasonal range from about –11.2‰ in the winter to –6.6‰ in the summer 
(Bowen and Revenaugh, 2003). In temperate regions like Germany, shallow groundwater 
tends to have δ18O values that are 1 to 2‰ lower than that of average annual precipitation 
because these aquifers are preferentially recharged by winter precipitation (i.e., snow and 
ice), which has relatively lower δ18O values (Clark and Fritz, 1997). Thus, if the residents 
of Dalheim primarily consumed groundwater in the area (e.g., well water), the drinking 
water value (–9.5‰) estimated from bone carbonate makes sense. However, Förstel and 
Hützen (1983) estimated that modern groundwater δ18O values in the same region range 
from –8.5 to –7.5‰ which is surprising, given that modern precipitation in the region has 
lower δ18O values. However, the sources of meteoric water included in their dataset may 
have included surface water, which typically undergoes evaporative enrichment in 
18
O.  
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 In addition to source water composition differences, the δ18Odw value estimated 
from bone carbonate may be lower relative to the values for modern precipitation because 
the average δ18Osc value reflects cooler temperatures in the past and correspondingly 
lower regional water δ18O values. Climate during the Medieval Warm Period (~10th to 
13th centuries) was no warmer than the average temperature of the last century, and 
during the Little Ice Age (~14th to 19th centuries) central and western Europe had air 
temperatures that were 1.0 to 1.5°C cooler than the modern period (Filippi et al., 1999; 
Brooks and Birks, 2001; Bodri and Dövényi, 2004). This decrease in air temperature may 
have lowered the δ18O value of regional precipitation by as much as 0.5 to 1.0‰ (von 
Grafenstein et al., 1996). Since burials in the Dalheim cemetery likely took place up until 
the early fifteenth century, it is possible that the estimated δ18Odw value incorporates the 
effect of this climate difference.  
 
4.5.6 Oxygen data: insight and limitations  
 The small church at the Dalheim site may have served this small village or 
farming community for hundreds of years (Pieper, 2000). If the individuals buried in the 
cemetery were parishioners, they likely lived locally. The δ18Osc data do not suggest 
otherwise, with the exception of one young adult male. During the late Middle Ages, 
trade networks developed as the movement in and out of urban centres became more 
routine (Kleinschmidt, 2003). In addition, many rural inhabitants left their homes in 
search of employment in nearby cities but often returned home rather than permanently 
settling abroad (Hochstadt, 1983). However, Dalheim was a somewhat isolated 
community in this rural region of Germany. Other small communities existed across the 
larger landscape (Pieper, 2000). For example, the medieval villages of Paderborn and 
Blankenrode were both located within 50 km of Dalheim. However, larger urban centres 
are more distant. Cologne (in the south-west) and Magedburg (in the north-east) are both 
located ~200 km from Dalheim. The small size and rural setting of Dalheim suggest that 
it may not have been a common destination for medieval travellers, and the narrow range 
in δ18Osc values likely reflect a sample of locals.  
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 The insight provided by the oxygen-isotope results is limited in some ways. First, 
it is not clear how distinct drinking water sources at Dalheim would have been in oxygen 
isotopic composition relative to the surrounding region. Modern analyses of drinking 
water indicate a >5‰ range in δ18Odw values between the northern and southern borders 
of Germany but large regions within the country appear to share similar values (Förstel 
and Hützen, 1983). If the variation in δ18Odw values around Dalheim is/was minimal, 
detecting movements of people in and out of the region becomes more difficult using this 
tracer.  
 In addition to uncertainty associated with regional isotopic variability, the oxygen 
isotopic signature of water sources may have been modified by cooking practices 
common during the Medieval period. The most common meal consumed by the lower 
classes throughout medieval Europe is known as potage or a thick soup, stew, or porridge 
(Adamson, 2004). Meals prepared through boiling or stewing were economical because 
only a fireplace and pot were required, and the method ensured that no ingredients were 
lost during preparation (Adamson, 2004). In addition, beer and ale were the preferred and 
more commonly consumed beverages among all social classes (Scully, 1995). Not only 
were most water sources considered impure, drinking water at mealtimes was 
discouraged by medieval physicians because its moist and cold qualities were thought to 
disrupt healthy digestion (Scully, 1995). Only the poorest individuals could not afford to 
replace water with other beverages (Adamson, 2004). Brettell et al. (2012) noted that 
food preparations involving boiling, stewing, or brewing all enrich the water involved in 
18
O. Because these sources of water could have contributed substantially to ingested 
water, the relationship between human tissues and the original sources of drinking water 
may be obscured. For example, experimental data suggest that the oxygen-isotope 
composition of brewed ale is about ~1‰ higher than the water used in its preparation, 
while the composition of typical potages can increase by ~10‰ after three hours of 
stewing (Brettell et al., 2012). Thus, the average δ18Odw value calculated here for the 
Dalheim population (–9.5‰) may not accurately represent environmental water, but 
instead reflect a blend of various ingested water sources, including heated (
18
O-enriched) 
water. Although establishing the exact extent to which such water contributed to ingested 
water (and in what proportions) is not possible, the very limited variability in oxygen-
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isotope compositions (~±0.5‰)1 suggests that the Dalheim population shared similar 
practices regarding water use and consumption.  
 
4.6 Conclusions 
 The objective of this research was to provide insight into the lives of the rural 
community living in medieval Dalheim, Germany through a multi-isotope investigation 
of human bone. First, the relationship between isotopic compositions and the pathological 
conditions present in sample was considered because human nitrogen metabolism is 
affected by disease processes. Because no associations were found, physiological 
influences are not believed to be important when interpreting the nitrogen-isotope data 
obtained for this sample.  
 Both traditional and isotopic modeling techniques were used to establish the 
relative importance of isotopically distinct foods in the diet. Traditional interpretation of 
the carbon isotopic data suggest that C3 plants and/or plant-consumers were the main 
dietary resources, while the nitrogen isotopic data indicate that the population likely 
consumed some terrestrial animal products, including dairy, eggs, and meat. The amount 
of protein actually derived from animal sources remains unclear because crop manuring 
practices may have artificially increased δ15Ncol values, and the historical literature 
suggested that poor German communities often relied on primarily vegetarian diets to 
survive, especially in times of famine or plague.  
 Two isotopic modeling techniques (bivariate and multivariate) were used as an 
additional means to assess diet and through these analyses, minor consumption of C4 
resources was identified. The location of the site far from the ocean, and the fact that 
many inland German communities opted for freshwater rather than saltwater fish, 
together suggest that marine resources were not regularly consumed. However, a small 
proportion of the diet likely included millet or animals foddered on millet. The current 
multivariate-isotope model was not entirely suitable for assessing medieval European 
                                                 
1
 After removal of the population outlier (one individual) 
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diet, and sometimes disagreed with the results of the bivariate (simple carbon) model. 
Further refinement of the models will be helpful in making them more widely applicable 
to a larger range of archaeological populations. Although the isotopic data for the 
Dalheim population was similar to that of other medieval European sites both within and 
outside Germany, subtle dietary differences were observed in terms of the proportion of 
C4 plants/marine foods in the diet, and the trophic level source of dietary protein.  
 The presence of one possible geographic foreigner in the population sample is 
suggested by the oxygen-isotope composition of that individual’s bone structural 
carbonate. Defining the local range of structural carbonate oxygen isotopic compositions, 
however, remains challenging in the absence of more detailed information on the present 
and past variability in regional δ18O values of meteoric water potentially used for 
drinking water, and because some proportion of ingested water may have been enriched 
in 
18
O during cooking or brewing.  
 The historical literature has been used here to illustrate the accessibility of 
different foodstuffs, the social rules that governed their consumption, and the medieval 
understanding of how diet and health were connected. Although the families in Dalheim 
were limited economically, religious and medical principles likely guided their food 
choices. Differences in δ15Ncol values suggest that children in the community consumed 
protein from a lower trophic level (perhaps more plant products) than adults, and are 
consistent with socially proscribed differences in consumption. Taken together, the 
isotopic data and historical evidence provide a more complete picture of medieval 
Dalheim.  
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Chapter Five 
5 SUMMARY 
 This thesis has explored the relationship between disease and bone collagen 
isotopic compositions, and investigated the diet and geographic associations of two 
medieval German populations. The main goals of this research included assessing the 
effects of bone pathology on intra-skeletal isotopic compositions, and identifying the 
influence of disease on inter-individual differences in nitrogen-isotope compositions. The 
study also aimed to integrate stable isotope and osteological data with environmental 
data, population-specific attitudes toward diet and health, and community socioeconomic 
structure in order to provide insight into lives of medieval Germans in both urban and 
rural contexts. The following sections summarize the main contributions arising from this 
research, followed by some suggestions for future research.  
 
5.1 Contributions to bioarchaeology 
 The results presented in this dissertation make several valuable contributions to 
the bioarchaeological study of human remains. This research not only addresses an 
interpretive limitation on the isotopic approach to paleodiet, it also explores several 
issues associated with assessing geographic identity using isotopic methods. The work 
also describes behaviours related to food choices and patterns of diet in this segment of 
medieval society.  
 
5.1.1 Isotopic approach to paleodiet 
 This research grew out of the idea that the relationship between disease 
physiology and body protein isotopic compositions poses a potential interpretative 
limitation for paleodiet reconstruction. However, the extent to which altered physiology 
affects bone collagen isotope ratios required additional investigation given that evidence 
of a relationship was limited to a small number of previous studies (e.g., Katzenberg and 
Lovell, 1999). The exact degree to which collagen isotopic compositions are affected by 
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disease was unclear because bone turns over slowly, and the reaction of the tissue to 
disease varies. Thus, a primary goal of this research was to examine isotopic intra-
skeletal variability using a variety of pathological bone categories, including metabolic 
and degenerative disease, fracture trauma, and non-specific infection (osteomyelitis) and 
inflammation (periostitis). Overall, intra-individual differences were larger in skeletons 
exhibiting visible pathology than those that lacked pathology. The effects of altered 
metabolism on isotopic composition were clearest in the non-specific infection category, 
followed by the fracture trauma group, and the least indicative of pathology in the 
metabolic disease, non-specific inflammation, and degenerative joint disease groups. 
Thus, not all pathological conditions influence collagen isotopic compositions. The most 
obvious intra-individual isotopic differences were found in the osteomyelitis group and 
likely resulted from the metabolic changes that coincide with chronic infection, or the 
negative nitrogen balances associated with infection-induced anorexia and wasting. 
Although the physical response to trauma is similar to that of infection, remodeling that 
occurs after fracture events likely attenuated the magnitude of those responses in the 
collagen isotopic data.  
 In addition to testing intra-skeletal isotopic variability, the Regensburg sample 
was used to examine whether or not disease conditions cause differences in nitrogen-
isotope compositions among individuals within the same population. Although collagen 
from bone lesions is unreliable for dietary reconstruction in cases of infection or fracture, 
the overall effects of these afflictions on collagen compositions are minor when areas of 
pathology are avoided during sampling. More generally, paleodiet studies need not 
exclude groups of individuals that share an obvious bone pathology from their analyses 
because disease processes do not seriously distort individual or group average nitrogen-
isotope compositions. 
 
5.1.2 Identifying geographic associations 
 Another important goal of this research involved integrating oxygen-isotope data 
derived from bone structural carbonate with environmental data in order to investigate the 
geographic associations of individuals in the Regensburg and Dalheim samples. The 
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oxygen-isotope data broadly associated the majority of individuals in each population 
with the region of their burials. Although the historical record suggests that geographic 
relocations were typical for commoners throughout medieval Europe (Kleinschmidt, 
2003), identifying non-locals or foreigners in the two German populations remained 
challenging. This work brought attention to several interpretive limitations associated 
with using oxygen isotopic data from structural carbonate in a medieval European 
context. The interpretation was hampered by the fact that more detailed information on 
the past and present variability in regional drinking water isotopic compositions is needed 
in order to better determine ‘local’ ranges using structural carbonate oxygen isotopic 
data. Regionally broad assessments of precipitation and ground water isotopic 
compositions (Förstel and Hützen, 1983; Bowen, 2013) made small-scale geographic 
relocations difficult to identify. The idea that some portion of ingested water was likely 
enriched in 
18
O as a result of common medieval cooking and brewing practices (Brettell 
et al., 2012) also created uncertainty regarding data reliability. Such enrichments could 
have obscured the geographic association indicated by structural carbonate oxygen by 
altering the original isotopic compositions of drinking water sources. Additional tissue 
and environmental isotopic analyses were suggested as a means of providing further 
insight into the movements of medieval Germans (e.g., investigating place of childhood 
residence through oxygen-isotope analysis of enamel structural carbonate) but a larger 
dataset would not necessarily resolve all of the associated interpretive limitations 
identified in this thesis.  
 
5.1.3 Medieval Germany 
 The final goal of this research was to provide insight into the lives of medieval 
Germans and more specifically, investigate diet among urban poorhouse residents from 
Regensburg, and among rural village members of the Dalheim farming community. 
Although the lengths of time represented by the two skeletal collections (500 and 700 
years respectively) are a potential source of error, the overall objective was achieved 
through isotopic investigations of both human and faunal bone, and by using previously 
published isotopic data to situate the data within the context of other medieval European 
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sites. Information from historical literature was also used as a means of illustrating 
medieval social relationships, food accessibility, customs governing consumption, and 
the connections between food and health from the medieval perspective.  
 At both sites, C3 plants and/or plant-consumers were principal contributors to the 
diet. Marine protein was not a major food source, which likely reflects the inaccessibility 
of seafood to those who lived far from the ocean, or had a low economic status 
(Adamson, 2002). Traditional interpretations of the isotopic data suggested that millet, a 
C4 plant associated with poverty (Adamson, 2004), was not consumed at either site. 
However, its consumption could not be ruled out entirely based on results derived from 
more recent techniques for isotopic modeling. Differential access to dietary protein was 
observed in both the Regensburg and Dalheim communities, but in comparison to one 
another, the poorhouse residents at Regensburg consumed foods from a higher trophic 
level (e.g., freshwater fish). Overall, the isotopic data for Regensburg and Dalheim fit 
well with previously published isotopic research on other medieval European sites within 
and outside Germany. Nevertheless, subtle dietary differences exist between these sites in 
terms of the proportion of C4 plant and/or marine foods in the diet, and the trophic level 
sources of dietary protein.  
 
5.2 Future research considerations 
 The next essential step in this area of research is to expand the investigation of 
bone to include isotopic assessment of amino acids, the individual building blocks of 
collagen. Because several amino acids in collagen are routed directly from food to tissue 
synthesis without isotopic modification (Fogel and Tuross, 2003), a small but growing 
number of studies are turning to amino acids in order to explore paleodiet. Isotopic 
analysis of amino acids has been used to investigate the diet of domesticated animals in 
ancient Egypt (Copley et al., 2004), maize consumption in prehistoric North America 
(Fogel and Tuross, 2003), and to discern marine from terrestrial protein consumption in 
several archaeological contexts (e.g., Corr et al., 2005; Choy et al., 2010; Naito et al., 
2010). Most recently, Honch et al. (2012) developed a framework for amino acid isotopic 
compositions that reflects the diets of populations with well-known dietary preferences.  
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 The amino acids routed directly from digested food to collagen synthesis without 
modification could help to distinguish the co-influences of diet and physiology on whole 
collagen isotopic compositions. While some amino acids are routed to collagen from food 
protein without isotopic fractionation, others are synthesized from existing body tissues 
or other dietary macronutrients, and these metabolic reactions influence the isotopic 
composition of the resulting amino acid (Jim et al., 2006). Given that metabolism plays a 
role in the isotopic composition of some collagen-derived amino acids, investigating how 
disease physiology influences the isotopic composition of these amino acids would be 
possible by comparing collagen formed during periods of ill health (bone lesions) to 
collagen formed during normal or healthy states at the amino acid level. Osteomyelitis 
and fracture trauma would form an important focus because these afflictions showed the 
largest intra-skeletal differences in whole collagen isotopic compositions (Olsen, Chapter 
2). Thus, the objectives of this next stage of research would be to use the collagen already 
prepared in the course of this dissertation to (1) determine how disease processes affect 
the isotopic compositions of amino acids in collagen, and (2) investigate diet in the at the 
amino acid level. This work would contribute to the understanding of how isotopic 
variation occurs in human tissues, and facilitate a more sophisticated understanding of 
food choices in the past.  
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APPENDIX A - Repeat analyses of the same and independent extractions of collagen  
 
Table A.1: Repeat analyses of the same extraction of collagen 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) 
% 
Collagen 
Yield 
%C %N C/N 
Reg-56 lesion tibia, osteomyelitic 
lesion  
-19.67 11.33 9.5 44.1 16.1 3.2 
Reg-56 lesion duplicate -19.75 11.36 9.5 43.5 15.9 3.2 
        
Reg-61 distant bone fb fibula -19.83 11.25 20.7 45.4 16.6 3.2 
Reg-61 distant bone fb duplicate -19.76 11.31 20.7 45.2 16.5 3.2 
        
Reg-86 lesion (jd) femur head, lipping -19.88 9.99 12.6 44.6 16.7 3.1 
Reg-86 lesion (jd) duplicate -19.96 9.97 12.6 44.5 16.5 3.1 
        
Reg-120 distant bone rb rib -19.32 11.33 4.7 38.3 14.3 3.1 
Reg-120 distant bone rb duplicate -19.35 11.06 4.7 40.4 14.6 3.2 
        
Reg-144 lesion 1 femur, eburnation, 1st 
area 
-19.70 12.31 23.2 46.1 17.3 3.1 
Reg-144 lesion 1 duplicate -19.69 12.20 23.2 46.7 17.5 3.1 
        
Reg-144 near lesion  femur, near eburnation -19.63 11.69 23.0 44.5 16.6 3.1 
Reg-144 near lesion duplicate -19.66 11.76 23.0 45.1 16.9 3.1 
        
Reg-247 near lesion  radius, near fracture 
callus 
-19.53 10.84 21.0 45.7 16.6 3.2 
Reg-247 near lesion duplicate -19.54 10.90 21.0 45.2 16.5 3.2 
        
Reg-247 distant bone rib -19.52 11.87 19.8 45.9 16.9 3.1 
Reg-247 distant bone duplicate -19.52 11.70 19.8 45.3 16.7 3.1 
        
Reg-317 distant bone rib -19.39 11.76 20.3 44.7 16.8 3.1 
Reg-317 distant bone duplicate -19.53 11.67 20.3 45.4 16.8 3.2 
        
Reg-318 lesion fibula, periostotic 
lesion 
-19.67 12.40 20.4 45.6 16.8 3.2 
Reg-318 lesion duplicate -19.70 12.36 20.4 45.6 16.8 3.2 
        
Reg-358 distant bone rib -19.51 11.93 15.8 43.6 16.5 3.1 
Reg-358 distant bone duplicate -19.46 12.09 15.8 43.5 16.3 3.1 
        
Reg-374 lesion (jd) 2nd, metacarpal, 
osteophyte 
-19.79 10.60 21.2 46.0 17.4 3.1 
fb = fibula; jd = joint disease; rb = rib 
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APPENDIX A continued 
 
Table A.1 (continued): Repeat analyses of the same extraction of collagen 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) 
% 
Collagen 
Yield 
%C %N C/N 
Reg-374 lesion (jd) duplicate -19.69 10.63 21.2 44.1 16.7 3.1 
        
Reg-376 near lesion  rib, near fracture callus -19.85 10.63 6.5 38.3 14.2 3.1 
Reg-376 near lesion duplicate -19.83 10.59 6.5 38.6 14.3 3.2 
        
Reg-398 lesion tibia, periostotic lesion -19.40 10.58 22.1 45.8 17.2 3.1 
Reg-398 lesion duplicate -19.37 10.55 22.1 46.0 17.3 3.1 
        
Reg-398 distant bone rib -19.16 11.36 19.5 45.7 16.8 3.1 
Reg-398 distant bone duplicate -19.13 11.49 19.5 46.1 16.9 3.2 
        
Dal-B25 vertebra thoracic vertebra -20.00 10.16 19.4 43.9 16.1 3.2 
Dal-B25 vertebra  duplicate -20.02 10.37 19.4 43.9 16.3 3.1 
        
Dal-B67 cortical 
fragments 
cortical fragments -20.27 9.63 12.8 42.5 16.3 3.0 
Dal-B67 cortical 
fragments 
duplicate -20.21 9.53 12.8 42.0 16.2 3.0 
        
Gal-642 near lesion femur -19.40 11.57 19.4 46.3 17.6 3.1 
Gal-642 near lesion duplicate -19.39 11.45 19.4 42.9 16.3 3.1 
jd = joint disease 
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APPENDIX A continued 
 
Table A.2: Repeat analyses of independent extractions of collagen 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) 
% 
Collagen 
Yield 
%C %N C/N 
Reg-61 distant bone mc 2nd metacarpal  -19.80 12.14 21.3 45.7 17.3 3.1 
Reg-61 distant bone mc method duplicate -19.76 12.13 21.6 45.2 16.7 3.2 
        
Reg-115 lesion 2 fibula, osteomyelitic 
lesion, 2nd area  
-19.71 12.64 14.6 43.4 16.1 3.1 
Reg-115 lesion 2 method duplicate -19.65 12.37 13.3 44.7 16.4 3.2 
        
Reg-139 mt 4th metatarsal, 
osteomalacia  
-19.64 10.52 22.9 45.4 16.7 3.2 
Reg-139 mt method duplicate -19.69 10.63 21.7 46.2 17.1 3.2 
        
Reg-378 distant bone rb 1 rib, 1st area  -19.24 12.11 22.7 36.8 13.5 3.2 
Reg-378 distant bone rb 1 method duplicate -19.42 12.16 16.2 44.8 16.9 3.1 
        
Reg-384 distant bone 2nd metacarpal  -20.06 11.02 20.9 45.3 16.6 3.2 
Reg-384 distant bone method duplicate -19.88 10.77 20.0 45.9 16.9 3.2 
        
Dal-B11 rib rib -19.64 9.22 9.1 42.3 15.5 3.2 
Dal-B11 rib method duplicate -19.66 9.37 9.7 38.6 14.8 3.0 
        
Dal-B61 rib rib -19.78 10.19 20.2 43.9 16.2 3.2 
Dal-B61 rib method duplicate -19.77 10.57 20.7 44.0 16.5 3.1 
mc = metacarpal; mt = metatarsal; rb = rib 
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APPENDIX B - Isotopic compositions of related skeletal elements 
 
Table B.1: Isotopic data for intra-individual rib cortical bone collagen 
ID 
Sample 
Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) 
% 
Collagen 
Yield 
%C %N C/N 
Reg-378 distant bone rb 1 rib, 1st area -19.24 12.11 22.7 36.8 13.5 3.2 
Reg-378 distant bone rb 1 method duplicate -19.42 12.16 16.2 44.8 16.9 3.1 
Reg-378 distant bone rb 2 rib, 2nd area -19.42 12.30 20.2 44.9 16.7 3.1 
        
Reg-380 distant bone rb 1 rib, 1st area -19.74 11.63 21.5 40.4 15.2 3.1 
Reg-380 distant bone rb 2 rib, 2nd area  -19.62 12.01 20.3 45.3 16.5 3.2 
        
Reg-22 distant bone rb 1 rib, 1st area -19.83 11.16 19.1 44.7 16.8 3.1 
Reg-22 distant bone rb 2 rib, 2nd area  -19.89 11.45 20.9 45.5 16.9 3.1 
        
Dal-B17 rib 1 rib, 1st area -19.83 9.19 6.3 40.1 14.6 3.2 
Dal-B17 rib 2 rib, 2nd area  -19.93 9.18 6.2 40.8 15.0 3.2 
        
Dal-B296 rib 1 rib, 1st area -19.60 11.89 22.6 46.1 17.0 3.2 
Dal-B296 rib 2 rib, 2nd area  -19.56 12.11 23.0 34.5 13.0 3.1 
        
Dal-B30 rib 1 rib, 1st area -20.13 9.18 13.7 42.9 15.7 3.2 
Dal-B30 rib 2 rib, 2nd area  -20.19 9.71 8.6 38.5 14.8 3.0 
rb = rib 
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APPENDIX B continued 
 
Table B.2: Isotopic data for related rib, metacarpal and fibula cortical bone collagen 
ID 
Sample 
Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) 
% 
Collagen 
Yield 
%C %N C/N 
Reg-61 distant bone rb rib -19.74 12.09 19.7 44.3 16.8 3.1 
Reg-61 distant bone mc 2nd metacarpal -19.80 12.14 21.3 45.7 17.3 3.1 
Reg-61 distant bone mc method duplicate -19.76 12.13 21.6 45.2 16.7 3.2 
Reg-61 distant bone fb fibula -19.83 11.25 20.7 45.4 16.6 3.2 
Reg-61 distant bone fb duplicate -19.76 11.31 20.7 45.2 16.5 3.2 
        
Reg-80 distant bone rb rib -19.88 9.91 7.2 32.5 12.1 3.1 
Reg-80 distant bone mc 2nd metacarpal -19.85 9.69 7.9 41.5 15.3 3.2 
Reg-80 distant bone fb fibula -20.01 9.53 5.3 40.3 14.8 3.2 
        
Reg-120 distant bone rb rib -19.32 11.33 4.7 38.3 14.3 3.1 
Reg-120 distant bone rb duplicate -19.35 11.06 4.7 40.4 14.6 3.2 
Reg-120 distant bone mc 2nd metacarpal -19.44 10.98 2.7 36.9 13.6 3.2 
Reg-120 distant bone fb fibula -19.59 10.65 2.8 37.1 13.5 3.2 
        
Reg-261 distant bone rb rib -19.58 12.71 22.6 38.9 14.6 3.1 
Reg-261 distant bone mc 2nd metacarpal -19.31 12.33 25.5 44.7 16.4 3.2 
Reg-261 distant bone fb fibula -19.31 13.02 6.4 38.3 14.5 3.1 
        
Reg-378 distant bone rb 1 rib, 1st area -19.24 12.11 22.7 36.8 13.5 3.2 
Reg-378 distant bone rb 1 method duplicate -19.42 12.16 16.2 44.8 16.9 3.1 
Reg-378 distant bone rb 2 rib, 2nd area -19.42 12.30 20.2 44.9 16.7 3.1 
Reg-378 distant bone mc 2nd metacarpal -19.54 11.85 20.5 44.7 16.3 3.2 
Reg-378 distant bone fb fibula -19.55 11.76 7.8 41.6 15.8 3.1 
        
Reg-380 distant bone rb 1 rib, 1st area -19.74 11.63 21.5 40.4 15.2 3.1 
Reg-380 distant bone rb 2 rib, 2nd area  -19.62 12.01 20.3 45.3 16.5 3.2 
Reg-380 distant bone mc 2nd metacarpal -19.75 12.33 21.8 45.3 17.1 3.1 
Reg-380 distant bone fb fibula  -19.68 12.19 10.9 43.9 16.0 3.2 
rb = rib; mc = metacarpal; fb = fibula 
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Table B.3: Isotopic data for related rib and vertebra cortical bone collagen 
ID 
Sample 
Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) 
% 
Collagen 
Yield 
%C %N C/N 
Dal-B02 rib rib -19.90 9.44 7.0 41.2 15.1 3.2 
Dal-B02 vertebra  vertebra -19.93 8.97 11.7 41.2 15.0 3.2 
        
Dal-B05 rib rib -19.80 9.22 6.8 39.1 14.3 3.2 
Dal-B05 vertebra thoracic vertebra -19.86 9.21 6 39.8 14.2 3.3 
        
Dal-B11 rib  rib -19.64 9.22 9.1 42.3 15.5 3.2 
Dal-B11 rib  method duplicate  -19.66 9.37 9.7 38.6 14.8 3.0 
Dal-B11 vertebra thoracic vertebra -19.86 9.38 6.6 37.1 14.0 3.1 
        
Dal-B15 rib rib -19.91 9.55 9.4 40.5 14.9 3.2 
Dal-B15 vertebra spinous process 
fragment 
-20.05 10.04 11.4 41.9 15.4 3.2 
        
Dal-B25 rib  rib -20.20 10.99 15.4 44.6 16.4 3.2 
Dal-B25 vertebra  thoracic vertebra -20.00 10.16 19.4 43.9 16.1 3.2 
Dal-B25 vertebra  duplicate -20.02 10.37 19.4 43.9 16.3 3.1 
        
Dal-B34 rib  rib -20.01 9.55 10.9 41.4 15.1 3.2 
Dal-B34 vertebra  cervical vertebra -20.08 9.10 12.3 42.9 15.8 3.2 
        
Dal-B45 rib rib -19.67 9.94 7.3 39.5 14.3 3.2 
Dal-B45 vertebra  lumbar vertebra -19.67 10.04 6.5 39.6 14.5 3.2 
        
Dal-B61 rib  rib -19.78 10.19 20.2 43.9 16.2 3.2 
Dal-B61 rib  method duplicate -19.77 10.57 20.7 44.0 16.5 3.1 
Dal-B61 vertebra  thoracic vertebra -19.79 9.83 20.4 44.5 16.4 3.2 
        
Dal-B67 cortical 
fragments  
cortical fragments -20.27 9.63 12.8 42.5 16.3 3.0 
Dal-B67 cortical 
fragments  
duplicate -20.21 9.53 12.8 42.0 16.2 3.0 
Dal-B67 vertebra  lumbar vertebra -19.87 9.54 5.1 35.9 13.6 3.1 
        
Dal-B85 rib rib -20.08 11.09 16.3 45.4 16.6 3.2 
Dal-B85 vertebra vertebra  -19.90 11.42 12.1 41.3 15.1 3.2 
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Table C.1: Isotopic data for bone collagen from individuals with rickets/osteomalacia 
ID 
Sample 
Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) 
% 
Collagen 
Yield 
%C %N C/N 
Reg-07 rb  rib -19.94 10.96 6.8 36.3 13.5 3.1 
Reg-07 fm femur -20.04 10.68 5.4 39.9 14.4 3.2 
        
Reg-136 rb rib -19.91 13.42 20.8 41.7 15.6 3.1 
Reg-136 fm femur -19.85 13.60 18.2 46.1 17.0 3.1 
        
Reg-138 rb rib -19.64 11.46 15.0 40.9 15.4 3.1 
Reg-138 fm femur -19.67 10.99 11.3 44.1 16.3 3.1 
        
Reg-139 mt metatarsal -19.64 10.52 22.9 45.4 16.7 3.2 
Reg-139 mt method 
duplicate 
-19.69 10.63 21.7 46.2 17.1 3.2 
Reg-139 fm femur -19.60 10.42 17.4 45.8 16.9 3.1 
        
Reg-214 rb rib -19.54 12.48 22.4 45.6 16.9 3.1 
Reg-214 fm femur -19.62 12.55 8.0 42.2 15.5 3.2 
        
Reg-297 rb rib -19.92 11.89 13.3 44.0 16.7 3.1 
Reg-297 fm femur -19.83 11.67 7.5 41.2 15.0 3.2 
 rb = rib; fm = femur; mt = metatarsal 
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Table C.2: Isotopic data for bone collagen from individuals with degenerative disease 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) 
% 
Collagen 
Yield 
%C %N C/N 
Reg-86 distant bone rib -19.82 9.99 21.1 45.6 16.8 3.1 
Reg-86 lesion (jd) lipping, femur head -19.88 9.99 12.6 44.6 16.7 3.1 
Reg-86 lesion  (jd) duplicate -19.96 9.97 12.6 44.5 16.5 3.1 
        
Reg-144 distant bone rib -19.66 11.66 20.1 43.7 16.4 3.1 
Reg-144 lesion 1 eburnation, femur, 1st 
area 
-19.70 12.31 23.2 46.1 17.3 3.1 
Reg-144 lesion 1  duplicate -19.69 12.20 23.2 46.7 17.5 3.1 
Reg-144 lesion 2 eburnation, femur, 2nd 
area 
-19.69 12.33 23.6 45.4 17.0 3.1 
Reg-144 near lesion  near eburnation -19.63 11.69 23.0 44.5 16.6 3.1 
Reg-144 near lesion   duplicate -19.66 11.76 23.0 45.1 16.9 3.1 
        
Reg-320 distant bone rib -20.01 10.25 22.1 45.7 16.8 3.1 
Reg-320 lesion 1 lipping, femur head, 1st 
area 
-19.91 11.00 13.4 43.7 16.4 3.1 
Reg-320 lesion 2 lipping, femur head, 
2nd area 
-19.98 10.89 14.7 42.4 15.8 3.1 
        
Reg-361 distant bone rib -20.12 10.05 23.1 44.9 16.3 3.2 
Reg-361 lesion  osteophyte, foot 
phalanx 
-19.87 10.87 25.1 46.1 17.2 3.1 
Reg-361 near lesion  near osteophyte -19.91 10.81 25.6 45.5 17.1 3.1 
        
Reg-374 distant bone rib -19.76 10.05 5.3 40.0 14.3 3.3 
Reg-374 lesion (jd) osteophyte, 2nd 
metacarpal 
-19.79 10.60 21.2 46.0 17.4 3.1 
Reg-374 lesion  (jd) duplicate -19.69 10.63 21.2 44.1 16.7 3.1 
Reg-374 near lesion 
(jd) 1 
near osteophyte, 1st 
area  
-19.70 10.41 11.3 41.1 15.3 3.1 
Reg-374 near lesion 
(jd)  2 
near osteophyte, 2nd 
area 
-19.90 10.50 23.0 46.7 17.7 3.1 
        
Reg-401 distant bone rib -19.77 10.73 10.3 40.6 14.9 3.2 
Reg-401 lesion (jd) 1 osteophyte, vertebra, 
1st area 
-19.71 11.54 8.2 41.7 15.4 3.1 
Reg-401 lesion (jd) 2 osteophyte, vertebra, 
2nd area 
-19.68 11.57 16.3 45.2 16.9 3.1 
Reg-401 near lesion 
(jd) 1 
near osteophyte, 1st 
area 
-19.70 11.56 17.8 40.8 15.2 3.1 
Reg-401 near lesion 
(jd) 2  
near osteophyte, 2nd 
area  
-19.80 11.06 11.2 42.1 15.6 3.1 
jd = joint disease 
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Table C.2 (continued): Isotopic data for bone collagen from individuals with degenerative disease 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) 
% 
Collagen 
Yield 
%C %N C/N 
Dal-B05 rib  rib -19.80 9.22 6.8 39.1 14.3 3.2 
Dal-B05 lesion  osteophyte, thoracic  -19.49 9.57 6.4 37.8 14.5 3.0 
 
Dal-B05 vertebra  
vertebra 
near osteophyte 
 
-19.86 
 
9.21 
 
6.0 
 
39.8 
 
14.2 
 
3.3 
        
Dal-B11 rib rib -19.64 9.22 9.1 42.3 15.5 3.2 
Dal-B11 rib method duplicate -19.66 9.37 9.7 38.6 14.8 3.0 
Dal-B11 lesion  lipping, thoracic 
vertebra 
-19.64 8.90 5.6 38.7 14.1 3.2 
Dal-B11 vertebra  near lipping -19.86 9.38 6.6 37.1 14.0 3.1 
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Table C.3: Isotopic data for bone collagen from individuals with fracture traumas 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) 
% 
Collagen 
Yield 
%C %N C/N 
Reg-29 distant bone rib (no fracture) -19.66 11.48 20.6 45.5 16.7 3.1 
Reg-29 lesion rib fracture callus -19.63 11.90 23.8 43.9 16.4 3.1 
Reg-29 near lesion 1 near callus, 1st area -19.63 11.37 19.5 42.1 15.7 3.1 
Reg-29 near lesion 2 near callus, 2nd area -19.57 11.43 21.6 43.2 16.1 3.1 
        
Reg-87 distant bone 2nd metatarsal -19.53 11.56 15.8 44.2 16.2 3.2 
Reg-87 lesion  rib fracture callus -19.30 12.11 19.4 42.1 15.7 3.1 
Reg-87 near lesion 1 near callus, 1st area -19.41 11.71 21.6 42.4 15.9 3.1 
Reg-87 near lesion 2 near callus, 2nd area -19.44 11.63 21.2 42.7 15.9 3.1 
Reg-87 near lesion 3 near callus, 3rd area -19.43 11.92 18.7 40.8 15.2 3.1 
        
Reg-100 distant bone rib -19.60 10.77 18.5 45.0 16.5 3.1 
Reg-100 lesion 5th metacarpal callus -19.45 11.34 24.4 44.4 16.6 3.1 
Reg-100 near lesion 1 near callus, 1st area -19.59 11.39 22.5 43.9 16.5 3.1 
Reg-100 near lesion 2 near callus, 2nd area -19.49 11.50 23.5 44.0 16.5 3.1 
        
Reg-130 distant bone  phalanx -19.92 11.91 20.7 44.8 16.8 3.1 
Reg-130 lesion   humerus fracture callus -19.94 12.07 20.9 45.7 17.1 3.1 
Reg-130 near lesion 1 near callus, 1st area -19.90 11.98 21.1 44.4 16.3 3.2 
Reg-130 near lesion 2  near callus, 2nd area -19.95 11.87 20.9 45.4 17.0 3.1 
        
Reg-171 distant bone rib -19.43 12.04 15.4 43.8 16.5 3.1 
Reg-171 lesion  radius fracture callus -19.29 12.25 21.9 42.8 16.0 3.1 
Reg-171 lesion  duplicate -19.31 12.41 21.9 43.1 16.1 3.1 
Reg-171 near lesion 1 near callus, 1st area -19.41 11.48 15.1 41.1 15.3 3.1 
Reg-171 near lesion 2 near callus, 2nd area -19.36 12.18 21.9 43.2 16.2 3.1 
        
Reg-199 distant bone rib -19.36 11.69 16.2 43.5 16.1 3.1 
Reg-199 lesion 1 radius fracture callus, 
1st area 
-19.37 11.97 8.7 41.7 15.5 3.1 
Reg-199 lesion 2 radius fracture callus, 
2nd area 
-19.21 12.23 7.6 41.5 15.3 3.2 
Reg-199 near lesion  near callus -19.61 11.18 7.1 41.1 15.2 3.2 
        
Reg-247 distant bone rib -19.52 11.87 19.8 45.9 16.9 3.1 
Reg-247 distant bone duplicate -19.52 11.70 19.8 45.3 16.7 3.1 
Reg-247 lesion  radius fracture callus -19.52 11.72 24.1 43.4 16.2 3.1 
Reg-247 near lesion  near callus  -19.53 10.84 21.0 45.7 16.6 3.2 
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Table C.3 (continued): Isotopic data for bone collagen from individuals with fracture traumas 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) 
% 
Collagen 
Yield 
%C %N C/N 
Reg-247 near lesion  duplicate -19.54 10.90 21.0 45.2 16.5 3.2 
Reg-273 distant bone rib (no fracture) -19.64 12.51 19.7 44.8 16.6 3.1 
Reg-273 lesion 1 rib fracture callus, 1st 
area 
-19.60 12.65 12.7 42.5 15.9 3.1 
Reg-273 lesion 2 rib fracture callus, 2nd 
area 
-19.59 12.93 14.5 42.3 15.9 3.1 
Reg-273 near lesion  near callus -19.61 12.51 17.6 43.6 16.4 3.1 
        
Reg-376 distant bone phalanx -20.01 10.11 9.3 43.3 15.8 3.2 
Reg-376 lesion  rib fracture callus -19.91 11.25 7.7 39.4 14.6 3.1 
Reg-376 near lesion  near callus -19.85 10.63 6.5 38.3 14.2 3.1 
Reg-376 near lesion duplicate -19.83 10.59 6.5 38.6 14.3 3.2 
        
Reg-404 distant bone rib -19.72 11.40 8.5 38.0 14.1 3.1 
Reg-404 lesion 1 fibula fracture callus, 
1st area 
-19.61 11.57 11.3 44.3 16.5 3.1 
Reg-404 lesion 2 fibula fracture callus, 
2nd area 
-19.59 11.61 14.1 44.8 16.7 3.1 
Reg-404 lesion 3 fibula fracture callus, 
3rd area 
-19.55 11.54 17.9 46.2 17.4 3.1 
Reg-404 near lesion  near callus  -19.66 11.41 18.3 44.9 16.9 3.1 
        
Gal-642 near lesion  femur -19.40 11.57 19.4 46.3 17.6 3.1 
Gal-642 near lesion duplicate -19.39 11.45 19.4 42.9 16.3 3.1 
Gal-642 lesion  femur fracture callus -19.01 12.73 18.8 43.6 15.9 3.2 
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Table C.4: Isotopic data for bone collagen from individuals with osteomyelitic lesions 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) 
% 
Collagen 
Yield 
%C %N C/N 
Reg-56 distant bone clavicle -20.11 8.85 20.1 43.9 16.1 3.1 
Reg-56 lesion osteomyelitic lesion, 
tibia 
-19.67 11.33 9.5 44.1 16.1 3.2 
Reg-56 lesion  duplicate -19.75 11.36 9.5 43.5 15.9 3.2 
        
Reg-89 distant bone rib -19.70 11.32 19.7 44.4 16.4 3.2 
Reg-89 lesion 1 osteomyelitic lesion,  
tibia, 1st area 
-19.18 12.36 11.8 42.0 15.7 3.1 
Reg-89 lesion 2 osteomyelitic lesion, 
tibia, 2nd area 
-19.23 12.31 10.6 41.0 15.3 3.1 
Reg-89 near lesion  near lesion  -19.83 10.28 13.4 42.2 15.8 3.1 
        
Reg-115 distant bone 4th metacarpal -19.94 11.90 19.8 42.9 16.0 3.1 
Reg-115 lesion 1 osteomyelitic lesion, 
fibula, 1st area 
-19.66 12.72 14.8 42.3 15.7 3.1 
Reg-115 lesion 2 osteomyelitic lesion, 
fibula, 2nd area 
-19.71 12.64 14.6 43.4 16.1 3.1 
Reg-115 lesion 2 method duplicate -19.65 12.37 13.3 44.7 16.4 3.2 
Reg-115 near lesion 1 near lesion, 1st area -19.67 12.56 14.2 43.6 16.2 3.1 
Reg-115 near lesion 2 near lesion, 2nd area -20.10 11.54 16.6 44.2 16.4 3.2 
        
Reg-249 distant bone rib -19.39 11.71 21.3 45.6 16.9 3.1 
Reg-249 lesion osteomyelitic lesion, 
tibia 
-19.21 12.23 6.5 41.2 15.1 3.2 
        
Reg-337 distant bone 2nd metacarpal -19.85 10.63 14.5 43.6 16.6 3.1 
Reg-337 lesion 1 osteomyelitic lesion,  
tibia, 1st area 
-19.60 11.75 20.3 45.4 16.4 3.2 
Reg-337 lesion 2 osteomyelitic lesion,  
tibia, 2nd area 
-19.68 11.85 22.0 45.9 17.2 3.1 
        
Reg-384 distant bone 2nd metacarpal -20.06 11.02 20.9 45.3 16.6 3.2 
Reg-384 distant bone method duplicate -19.88 10.77 20.0 45.9 16.9 3.2 
Reg-384 lesion 1 osteomyelitic lesion, 
tibia, 1st area 
-19.83 11.56 18.6 45.1 16.3 3.2 
Reg-384 lesion 2 osteomyelitic lesion, 
tibia, 2nd area 
-19.88 11.77 22.0 44.7 16.8 3.1 
Reg-384 lesion 3 rough outermost area 
of lesion, tibia  
-19.75 12.17 18.3 41.4 14.9 3.2 
Reg-384 near lesion  near lesion  -19.84 11.66 19.9 45.4 16.5 3.2 
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Table C.5: Isotopic data for bone collagen from individuals with periosteal lesions 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) 
% 
Collagen 
Yield 
%C %N C/N 
Reg-14 distant bone rib -19.92 12.28 18.5 45.2 16.7 3.1 
Reg-14 lesion periosteal lesion, tibia -19.82 12.54 6.7 39.6 14.5 3.2 
        
Reg-47 distant bone 3rd metacarpal -19.74 12.13 21.1 46.1 17.0 3.1 
Reg-47 lesion periosteal lesion, tibia -19.49 11.99 20.4 47.5 17.4 3.2 
Reg-47 near lesion  near lesion  -19.76 11.88 21.1 46.8 17.3 3.1 
        
Reg-53 distant bone rib -19.79 11.44 14.3 43.4 16.4 3.1 
Reg-53 lesion periosteal lesion, tibia -19.75 11.93 16.2 44.0 16.2 3.2 
        
Reg-65 distant bone rib -19.57 11.63 6.1 38.7 14.1 3.2 
Reg-65 lesion periosteal lesion, tibia -19.83 9.57 10.3 44.4 16.3 3.2 
        
Reg-86 distant bone rib -19.82 9.99 21.1 45.6 16.8 3.1 
Reg-86 lesion (p) periosteal lesion, femur -19.79 10.22 22.8 44.8 16.8 3.1 
        
Reg-96 distant bone rib -19.76 8.01 8.6 40.9 14.8 3.2 
Reg-96 lesion periosteal lesion, tibia -19.73 8.14 5.9 40.2 14.6 3.2 
        
Reg-107 distant bone rib -19.84 11.42 20.6 44.1 16.7 3.1 
Reg-107 lesion periosteal lesion, femur -19.63 12.58 22.3 45.6 17.1 3.1 
Reg-107 near lesion  near lesion  -19.37 12.65 19.8 46.1 17.0 3.1 
        
Reg-121 distant bone rib -19.46 13.22 16.9 44.7 16.6 3.1 
Reg-121 lesion periosteal lesion, tibia -19.57 13.12 4.4 38.5 13.8 3.3 
        
Reg-155 distant bone rib -20.00 12.08 15.9 40.5 15.1 3.1 
Reg-155 lesion periosteal lesion, tibia -20.08 10.84 19.4 44.5 16.0 3.2 
        
Reg-212 distant bone rib -19.84 10.43 9.9 41.2 15.1 3.2 
Reg-212 lesion 1 periosteal lesion,  
fibula, 1st area 
-19.79 10.48 7.4 42.3 15.5 3.2 
Reg-212 lesion 2 periosteal lesion, 
fibula, 2nd area 
-19.91 10.40 14.0 42.9 16.1 3.1 
Reg-212 near lesion 1 near lesion, 1st area -19.94 10.32 17.6 45.1 17.1 3.1 
Reg-212 near lesion 2 near lesion, 2nd area -19.89 10.04 16.8 45.1 16.7 3.1 
p = periostitis  
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Table C.5 (continued): Isotopic data for bone collagen from individuals with periosteal lesions 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) 
% 
Collagen 
Yield 
%C %N C/N 
Reg-212 near lesion 3 near lesion, 3rd area -19.90 9.84 20.8 45.3 17.0 3.1 
        
Reg-317 distant bone rib -19.39 11.76 20.3 44.7 16.8 3.1 
Reg-317 distant bone duplicate -19.53 11.67 20.3 45.4 16.8 3.2 
Reg-317 lesion periosteal lesion,  
femur 
-19.43 11.31 10.4 43.5 16.1 3.2 
        
Reg-318 distant bone 2nd metatarsal -19.69 12.66 18.9 43.8 16.2 3.2 
Reg-318 lesion periosteal lesion,  
fibula 
-19.67 12.40 20.4 45.6 16.8 3.2 
Reg-318 lesion duplicate -19.70 12.36 20.4 45.6 16.8 3.2 
        
Reg-358 distant bone rib -19.51 11.93 15.8 43.6 16.5 3.1 
Reg-358 distant bone  duplicate -19.46 12.09 15.8 43.5 16.3 3.1 
Reg-358 lesion periosteal lesion, tibia -19.50 12.44 19.0 45.8 17.0 3.1 
        
Reg-368 distant bone rib -19.64 11.03 20.6 45.0 16.4 3.2 
Reg-368 lesion 1 periosteal lesion, fibula -19.56 11.47 12.3 41.6 15.4 3.2 
Reg-368 lesion 2 lesion 2nd area -19.38 11.41 9.3 42.5 16.4 3.0 
Reg-368 near lesion 1 near lesion, 1st area -19.52 11.18 8.3 41.8 15.2 3.2 
Reg-368 near lesion 2 near lesion, 2nd area -19.63 10.53 8.9 42.6 15.5 3.2 
Reg-368 near lesion 3 near lesion, 3rd area -19.52 11.22 9.4 42.3 15.5 3.2 
        
Reg-370b distant bone rib -19.08 13.11 12.2 44.1 16.7 3.1 
Reg-370b lesion periosteal lesion, fibula -19.03 12.62 10.5 42.9 15.6 3.2 
        
Reg-374 distant bone rib -19.76 10.05 5.3 40.0 14.3 3.3 
Reg-374 lesion (p) periosteal lesion, femur -19.72 10.76 8.8 40.6 15.2 3.1 
Reg-374 near lesion (p)  near lesion  -19.79 10.52 7.4 40.1 14.9 3.1 
        
Reg-398 distant bone rib -19.16 11.36 19.5 45.7 16.8 3.1 
Reg-398 distant bone duplicate -19.13 11.49 19.5 46.1 16.9 3.2 
Reg-398 lesion periosteal lesion, fibula -19.40 10.58 22.1 45.8 17.2 3.1 
Reg-398 lesion duplicate -19.37 10.55 22.1 46.0 17.3 3.1 
p=periostitis  
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Table C.5 (continued): Isotopic data for bone collagen from individuals with periosteal lesions 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) 
% 
Collagen 
Yield 
%C %N C/N 
Reg-401 distant bone rib -19.77 10.73 10.3 40.6 14.9 3.2 
Reg-401 lesion (p) 1  periosteal lesion, 
fibula, 1st area 
-19.93 10.36 6.8 40.2 14.5 3.2 
Reg-401 lesion (p) 2  periosteal lesion, 
fibula, 2nd area 
-19.91 11.03 5.6 38.9 14.2 3.2 
Reg-401 near lesion (p) 1  near lesion, 1st area -20.00 10.65 4.4 41.3 15.0 3.2 
Reg-401 near lesion (p) 2  near lesion, 2nd area -20.00 10.58 5.6 39.3 14.2 3.2 
p = periostitis  
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APPENDIX D - Photographs of bone pathology 
 
Table D.1: Individuals with rickets/osteomalacia 
ID PHOTOGRAPH 
 
(1) Reg-07 
 
(A) femur 
 
 
 
 
(2) Reg-136 
 
(A) femur 
 
 
 
 
(3) Reg-138 
 
(A) femur 
(after removal 
of test site) 
 
 
 
 
A 
A 
A 
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Table D.1 (continued): Individuals with rickets/osteomalacia 
ID PHOTOGRAPH 
 
(4) Reg-139 
 
(A) femur (after 
removal of test 
site) 
 
 
 
(5) Reg-214 
 
(A) femur (after 
removal of test 
site) 
 
 
 
(6) Reg-297 
 
(A) femur (after 
removal of test 
site) 
(B) rib 
 
  
 
 
 
A 
A 
A 
B 
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Table D.2: Individuals with degenerative joint disease 
ID PHOTOGRAPH 
 
(1) Reg-86 
 
(A) lipping on 
femur head 
(B) close-up view 
of lipping after 
separation from 
femur  
 
  
 
 
(2) Reg-144 
 
(A) femur with area 
of eburnation 
(B) close-up view 
of eburnation after 
separation from 
femur  
 
  
 
 
(3) Reg-320 
 
(A) lipping on 
femur head 
(B) close-up view 
of lipping after 
separation from 
femur head 
 
 
 
 
Near lesion 
Lesion 
Lesion 
Lesion 
A B 
A B 
A 
B 
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Table D.2 (continued): Individuals with degenerative joint disease 
ID PHOTOGRAPH 
 
(4) Reg-361 
 
(A) osteophyte on 
foot phalanx 
 
 
 
 
(5) Reg-374 
 
(A) osteophyte on 
2nd metacarpal 
(B) close-up view 
of 2nd metacarpal 
 
   
 
 
(6) Reg-401 
 
(A) osteophyte on 
vertebra 
(B) close-up view 
of osteophyte with 
partial vertebral 
body 
 
 
 
 
 
 
 
 
 
Lesion 
Near lesion 
Lesion 
Near lesion 
Lesion 
Near lesion 
A 
A B 
A B 
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Table D.2 (continued): Individuals with degenerative joint disease 
ID PHOTOGRAPH 
 
(7) Dal-B5 
 
(A) osteophyte on 
thoracic vertebra 
(B) osteophytes on 
vertebrae 
 
 
 
 
(8) Dal-B11 
 
(A) lipping on 
thoracic vertebra 
(B) osteophytes on 
vertebrae 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lesio
n 
Near lesion 
Lesion 
Near lesion 
A B 
A B 
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Table D.3: Individuals with fracture traumas 
ID PHOTOGRAPH 
 
(1) Reg-29 
 
(A) rib fracture 
(B) rib (top); rib 
with fracture callus 
(bottom) 
 
  
 
 
(2) Reg-87 
 
(A) rib fracture 
 
 
 
 
(3) Reg-100 
 
(A) 5th metacarpal 
fracture 
(B) close-up view of 
5th metacarpal 
 
 
 
 
 
 
 
 
 
Lesion 
Lesion 
Near lesion 
Near lesion 
Near lesion 
Lesion 
A B 
A 
A B 
Lesion 
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Table D.3 (continued): Individuals with fracture traumas 
ID PHOTOGRAPH 
 
(4) Reg-130 
 
(A) humerus 
fracture 
(B) section of 
cortical bone 
removed from 
humerus 
 
 
 
 
(5) Reg-171 
 
(A) radius 
fracture 
(B) section of 
bone removed 
from radius 
 
 
 
 
(6) Reg-199 
 
(A) radius 
fracture 
 
 
 
 
 
 
 
 
 
 
Near lesion Lesion 
Near 
lesion 
Lesio
n 
Near lesion Lesion 
A B 
A 
A 
B 
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Table D.3 (continued): Individuals with fracture traumas 
ID PHOTOGRAPH 
 
(7) Reg-247 
 
(A) radius fracture 
(B) close-up view 
of fracture callus 
 
 
 
 
(8) Reg-273 
 
(A) rib fracture 
(B) close-up view 
of fracture 
 
 
 
 
(9) Reg-376 
 
(A) rib fracture 
 
 
 
 
 
 
 
 
 
Near lesion 
Lesion 
Lesion 
Near lesion 
Lesion 
Near lesion 
A B 
A B 
A 
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Table D.3 (continued): Individuals with fracture traumas 
ID PHOTOGRAPH 
 
(10) Reg-40 
 
(A) fibula 
fracture 
 
 
 
 
(11) Gal-642 
 
(A) femur 
fracture 
(B) close up 
view of fracture 
callus 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lesion 
Near lesion 
A 
A B 
Lesion 
Near lesion 
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Table D.4: Individuals with osteomyelitic lesions 
ID PHOTOGRAPH 
 
(1) Reg-56 
 
(A) osteomyelitic 
lesion on tibia 
(B) close-up view of 
lesion   
 
 
 
 
 
 
(2) Reg-89 
 
(A) osteomyelitic 
lesion on tibia 
(B) close-up view of 
lesion   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(3) Reg-115 
 
(A) osteomyelitic 
lesion on fibula 
(B) close-up view of 
lesion 
(C) close-up view of 
reverse side  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A B 
A 
B A 
Near lesion 
Lesion 
Lesion 
Near lesion 
B 
C 
Lesion 
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Table D.4 (continued): Individuals with osteomyelitic lesions 
ID PHOTOGRAPH 
 
(4) Reg-249  
 
(A) osteomyelitic 
lesion on tibia 
(B) close-up view of 
lesion 
 
 
 
 
 
 
 
(5) Reg-337 
 
(A) osteomyelitic 
lesion on tibia 
(B) close-up view of 
lesion 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(6) Reg-384 
 
(A) osteomyelitic 
lesion on tibia (after 
removal of test site) 
(B) close-up view of 
lesion 
 
 
 
 
 
 
 
 
 
B A 
B A 
A B 
Lesion 
Lesion 
Lesion 
Near lesion 
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Table D.5: Individuals with periosteal lesions 
ID PHOTOGRAPH 
 
(1) Reg-14 
 
(A) tibia 
(B) close-up 
view of lesion 
on tibia 
 
 
 
 
(2) Reg-47 
 
(A) tibia 
(B) close-view 
of lesion on 
tibia 
 
 
 
 
(3) Reg-53 
 
(A) tibia 
(B) close-up 
view of lesion 
on tibia 
 
 
 
 
 
 
 
 
 
Lesion 
Lesion 
Lesion 
Near lesion 
A 
B 
A 
A 
B 
B 
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Table D.5 (continued): Individuals with periosteal lesions 
ID PHOTOGRAPH 
 
(4) Reg-65 
 
(A) tibia 
(B) close-up 
view of 
lesion on 
tibia 
 
 
 
 
(5) Reg-86 
 
(A) femur 
(B) close-up 
view of 
lesion on 
femur 
 
 
 
 
(6) Reg-96 
 
(A) tibia 
(B) close-up 
view of 
lesion on 
tibia 
 
 
 
 
 
 
 
 
Lesion 
Lesion 
Lesion 
B 
B 
B 
A 
A 
A 
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Table D.5 (continued): Individuals with periosteal lesions 
ID PHOTOGRAPH 
 
(7) Reg-107 
 
(A) femur 
(B) close-up 
view of lesion 
on tibia  
(C) sample 
removed from 
test site 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(8) Reg-121 
 
(A) tibia 
(B) close-up 
view of lesion 
on tibia 
 
 
  
 
 
(9) Reg-155 
 
(A) tibia 
(B) close-up 
view of lesion 
after removal 
from tibia 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lesion 
Lesion 
Near lesion 
B 
B 
A 
A 
B 
Lesion 
C 
A 
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Table D.5 (continued): Individuals with periosteal lesions 
ID PHOTOGRAPH 
 
(10) Reg-212 
 
(A) fibula 
(B) close-up 
view of lesion on 
fibula 
 
 
  
 
 
(11) Reg-317 
 
(A) femur 
(B) close-up 
view of lesion on 
femur 
 
 
  
 
 
(12) Reg-318 
 
(A) fibula  
(B) close-up 
view of lesion 
(after removal of 
test site) 
 
 
  
 
 
 
 
 
 
 
Lesion 
Lesion 
Lesion 
Near lesion 
A 
A 
A 
B 
B 
B 
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Table D.5 (continued): Individuals with periosteal lesions 
ID PHOTOGRAPH 
 
(13) Reg-358 
 
(A) tibia 
(B) close-up 
view of lesion on 
tibia 
 
 
  
 
 
(14) Reg-368 
 
(A) fibula 
(B) close-up 
view of lesion on 
fibula 
 
 
 
  
 
 
(15) Reg-370b 
 
(A) fibula 
(B) close-up 
view of lesion on 
fibula 
 
 
  
 
 
 
 
 
 
Lesion 
Lesion 
Lesion 
Near 
lesion 
A 
A 
A B 
B 
B 
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Table D.5 (continued): Individuals with periosteal lesions 
ID PHOTOGRAPH 
 
(16) Reg-374 
 
(A) femur 
(B) close-up 
view of lesion 
on femur (after 
removal of test 
site) 
 
  
 
 
(17) Reg-398 
 
(A) fibula 
(B) close-up 
view of lesion 
on fibula 
 
 
  
 
 
(18) Reg-401 
 
(A) fibula 
(B) close-up 
view of lesion 
on fibula 
 
 
  
 
 
 
Lesion 
Lesion 
Lesion 
Near lesion 
Near lesion 
B 
B 
B 
A 
A 
A 
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APPENDIX E - Regensburg skeletal sample description 
 
Table E.1: Completeness and general preservation of the Regensburg skeletal sample* 
Burial Id 
Skeletal Elements 
Sampled for  
Isotopic Analysis 
  
sk
u
ll
 
  
ri
b
s 
  
v
er
te
b
ra
e 
  
le
ft
 p
el
v
is
 
  
ri
g
h
t 
p
el
v
is
 
  
le
ft
 c
la
v
ic
le
 
  
ri
g
h
t 
cl
a
v
ic
le
 
  
le
ft
 h
u
m
er
u
s 
  
ri
g
h
t 
h
u
m
er
u
s 
  
le
ft
 u
ln
a
 
  
ri
g
h
t 
u
ln
a
 
  
le
ft
 r
a
d
iu
s 
  
ri
g
h
t 
ra
d
iu
s 
  
le
ft
 f
em
u
r
 
  
ri
g
h
t 
fe
m
u
r
 
  
le
ft
 t
ib
ia
 
  
ri
g
h
t 
ti
b
ia
 
  
le
ft
 f
ib
u
la
 
  
ri
g
h
t 
fi
b
u
la
 
 h
a
n
d
 b
o
n
es
  
  
fo
o
t 
b
o
n
es
 
%
 o
f 
 E
le
m
en
ts
 
P
re
se
n
t 
S
ta
te
 o
f 
P
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Reg-7 rib, femur 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 0 1 1 90 B 
Reg-12 tibia 1 1 1 1 0 0 0 1 1 0 0 0 0 1 1 1 1 1 1 0 1 62 A 
Reg-12a fibula 0 0 0 1 1 0 0 0 0 0 0 0 0 1 1 1 1 1 1 0 0 38 A 
Reg-14 rib, tibia 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-22 rib, incisor 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-29 2 ribs 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 95 A 
Reg-46 rib 1 1 1 1 1 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 90 A 
Reg-47 3rd metacarpal, tibia 1 0 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 86 C 
Reg-53 rib, tibia 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 90 A 
Reg-56 clavicle, tibia 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 90 A 
Reg-59 femur  1 1 1 1 1 0 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 86 B 
Reg-61 rib, 2nd metacarpal, 
and fibula  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-64 rib 1 0 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 86 D 
Reg-65 rib, tibia 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 95 A 
Reg-67 rib 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Skeletal element present = 1 (at least 25%) & absent = 0  
State of preservation: very good = A, good = B, fair = C & poor = D 
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Table E.1 (continued): Completeness and general preservation of the Regensburg skeletal sample* 
Burial Id 
Skeletal Elements 
Sampled for  
Isotopic Analysis 
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Reg-69 3rd metatarsal 1 0 0 1 0 0 0 0 1 1 0 0 0 1 0 1 1 1 0 0 1 43 D 
Reg-70 rib 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-76 5th metacarpal 1 0 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 86 C 
Reg-79 rib 0 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 0 0 1 0 71 B 
Reg-80 rib, 2nd metacarpal, 
and fibula  
0 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 86 B 
Reg-83 rib 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 95 A 
Reg-84 rib 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 0 86 A 
Reg-85a tibia  1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 19 D 
Reg-86 rib, femur 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 B 
Reg87 2nd metatarsal, rib 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 95 B 
Reg-89 rib, tibia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 1 19 B 
Reg-96 rib, tibia 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-97 rib 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 14 B 
Reg-99 rib 1 1 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 86 B 
Reg-100 rib, 5th metacarpal 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 B 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich  
Skeletal element present = 1 (at least 25%) & absent = 0  
State of preservation: very good = A, good = B, fair = C & poor = D 
 20
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Table E.1 (continued): Completeness and general preservation of the Regensburg skeletal sample* 
Burial Id 
Skeletal Elements 
Sampled for  
Isotopic Analysis 
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Reg-107 rib, femur 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-112 rib 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-115 4th metacarpal, fibula 1 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 90 B 
Reg-116 rib, tibia 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-117 rib 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-120 rib, 2nd metacarpal, 
and fibula  
1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 95 A 
Reg-121 rib, tibia 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-123 rib 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 95 A 
Reg-130 phalanx, humerus 1 1 0 1 1 0 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 81 B 
Reg-135 rib 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 90 D 
Reg-136 rib, femur 1 1 1 1 1 0 0 0 1 0 1 0 1 1 1 1 1 1 1 1 0 71 A 
Reg-138 rib, femur 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-139 4th metatarsal 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 1 1 1 1 0 1 33 D 
Reg-144 rib, femur 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-145 rib, molar 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 1 0 0 0 0 71 D 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Skeletal element present = 1 (at least 25%) & absent = 0  
State of preservation: very good = A, good = B, fair = C & poor = D 
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Table E.1 (continued): Completeness and general preservation of the Regensburg skeletal sample* 
Burial Id 
Skeletal Elements 
Sampled for  
Isotopic Analysis 
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Reg-146 1st metacarpal 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 0 1 1 1 90 C 
Reg-155 rib, tibia 1 1 1 1 0 0 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 81 B 
Reg-156 5th metacarpal 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 90 B 
Reg-157 rib 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 90 B 
Reg-158 cranial fragment 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 B 
Reg-171 rib, radius 1 1 1 1 1 0 0 0 1 1 1 1 1 1 0 0 0 0 0 1 0 57 B 
Reg-175b cranial fragment 1 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 1 0 0 0 0 19 C 
Reg-199 rib, radius 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 0 90 B 
Reg-201 ulna fragment 1 0 0 1 1 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 0 76 D 
Reg-208 cranial fragment 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 B 
Reg-212 rib, fibula 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-214 rib, femur 1 0 1 1 1 0 1 0 1 0 1 0 1 1 1 1 1 1 1 0 0 67 A 
Reg-216 rib, 1st metacarpal 1 1 1 0 0 0 0 0 0 1 0 1 1 1 1 1 1 0 1 1 1 62 A 
Reg-221 3rd metatarsal 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 14 C 
Reg-227 rib 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 0 1 0 81 A 
Reg-247 rib, radius 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 86 A 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Skeletal element present = 1 (at least 25%) & absent = 0  
State of preservation: very good = A, good = B, fair = C & poor = D 
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Table E.1 (continued): Completeness and general preservation of the Regensburg skeletal sample* 
Burial Id 
Skeletal Elements 
Sampled for  
Isotopic Analysis 
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Reg-249 rib, tibia 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 0 1 1 86 A 
Reg-260 rib 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-261 rib, 2nd metacarpal, 
and fibula 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 95 A 
Reg-273 2 ribs 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-293 rib, femur 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-297 rib, femur 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 95 A 
Reg-298 rib 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 95 A 
Reg-301 fibula  0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 1 19 C 
Reg-308 rib 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 0 1 0 1 1 81 B 
Reg-309 3rd metatarsal 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 0 0 0 0 0 0 62 B 
Reg-310 rib, cranial fragment 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 0 86 B 
Reg-317 rib, femur 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1 0 76 B 
Reg-318 2nd metatarsal, fibula 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 90 B 
Reg-320 rib, femur 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 0 0 0 1 0 71 B 
Reg-324 femur  1 1 0 0 1 0 0 0 1 0 0 0 0 0 1 0 1 0 0 0 1 33 D 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Skeletal element present = 1 (at least 25%) & absent = 0  
State of preservation: very good = A, good = B, fair = C & poor = D 
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Table E.1 (continued): Completeness and general preservation of the Regensburg skeletal sample* 
Burial Id 
Skeletal Elements 
Sampled for  
Isotopic Analysis 
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Reg-326 phalanx  0 0 1 1 1 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 0 67 B 
Reg-328 rib, femur 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-330 rib 0 0 0 0 0 0 0 1 1 0 1 0 1 1 1 1 1 1 0 1 1 52 B 
Reg-332 2nd metacarpal 1 0 0 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 81 C 
Reg-337 2nd metacarpal, tibia 0 1 0 1 1 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 52 C 
Reg-340 rib, cranial fragment 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 90 B 
Reg-344 fibula fragment 1 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 0 0 0 76 D 
Reg-345 rib 0 1 1 1 1 0 0 1 1 1 1 1 1 1 1 0 0 0 0 1 0 62 B 
Reg-348 rib 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-348b clavicle 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1 0 71 A 
Reg-351 rib 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 B 
Reg-358 rib, tibia 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-361 rib, foot phalanx 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-368 rib, fibula 1 1 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 90 B 
Reg-370 rib 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-370b rib, tibia 1 1 0 1 1 0 1 1 0 1 1 1 1 1 0 1 1 0 0 0 0 62 A 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Skeletal element present = 1 (at least 25%) & absent = 0  
State of preservation: very good = A, good = B, fair = C & poor = D 
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APPENDIX E continued 
 
Table E.1 (continued): Completeness and general preservation of the Regensburg skeletal sample* 
Burial Id 
Skeletal Elements 
Sampled for  
Isotopic Analysis 
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Reg-371 2nd metacarpal 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 86 C 
Reg-372 rib 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 B 
Reg-373 rib 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 95 B 
Reg-374 rib, femur 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 90 A 
Reg-376 phalanx, rib 1 1 1 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 1 0 33 D 
Reg-377 rib 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 95 A 
Reg-378 rib, 2nd metacarpal, 
and fibula  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-380 rib, 2nd metacarpal, 
and fibula  
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 90 B 
Reg-384 2nd metacarpal, tibia 1 0 1 1 1 0 0 1 0 1 1 0 1 1 1 1 1 1 0 1 0 67 B 
Reg-385 fibula  0 1 0 0 1 0 0 0 1 0 1 0 1 1 1 1 1 1 1 0 1 57 C 
Reg-397 rib, incisor/molar 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-398 rib, fibula 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 0 1 1 86 B 
Reg-401 rib, fibula 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 95 B 
Reg-403 rib 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 95 B 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Skeletal element present = 1 (at least 25%) & absent = 0  
State of preservation: very good = A, good = B, fair = C & poor = D 
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APPENDIX E continued 
 
Table E.1 (continued): Completeness and general preservation of the Regensburg skeletal sample* 
Burial Id 
Skeletal Elements 
Sampled for  
Isotopic Analysis 
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Reg-404 rib, fibula 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 A 
Reg-406 phalanx 1 0 1 0 0 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 57 C 
Reg-407 rib 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 100 B 
Reg-424 rib 0 1 1 0 0 1 1 0 0 0 0 0 0 1 1 0 0 0 0 1 0 33 B 
Reg-537 rib 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 95 A 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Skeletal element present = 1 (at least 25%) & absent = 0  
State of preservation: very good = A, good = B, fair = C & poor = D 
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APPENDIX E continued 
 
Table E.2: Sex, age and pathology profiles for Regensburg skeletal sample* 
Olsen 
ID 
von 
Heyking    
ID 
Sex 
Age 
Category 
Age 
Range 
Dental Pathology Skeletal Pathology 
Reg-7 Min-7 Male Infancy 2 
5-9 
years  
rickets (unknown if active or inactive at time of death - 
no histology run); periostitis (grade 2) 
Reg-12 Min-12 ? Infancy 1 
4-6 
years   
Reg-12a Min-12a ? Infancy 1 
0-0.5 
years   
Reg-14 Min-14 ? Infancy 1 
2-4 
years  
slight cribra orbitalia; periostitis on femora and tibiae 
(grade 4), and on endocranial surface (type: “vessel 
impressions”), and on ribs = evidence for unknown 
systemic disease 
Reg-22 Min-22 
Probably 
Male 
Infancy 2 
-Juvenile 
11-13 
years 
caries; enamel hypoplasia 
(incisor, canine, molar); 
Hutchinson´s incisors and 
Mulberry molars = possible 
evidence of congenital syphilis 
 
Reg-29 Min-29 Male Mature 
40-50 
years  
serial rib fracture (left and right side); severe spondylosis 
(cervical vertebrae); slight spondylosis (thoracic and 
lumbar vertebrae) 
Reg-46 Min-46 Female Senile 
60-x 
years 
caries slight arthrosis (hip, knee and foot joints) 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Periostitis grades: 2 = inactive lesion, 3-4 = slight to moderate active lesion, 5 = inactive & active lesion, 6 = active lesion associated with osteomyelitis    
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APPENDIX E continued 
 
Table E.2 (continued): Sex, age and pathology profiles for Regensburg skeletal sample* 
Olsen 
ID 
von 
Heyking    
ID 
Sex 
Age 
Category 
Age 
Range 
Dental Pathology Skeletal Pathology 
Reg-47 Min-47 Female Mature 
40-60 
years  
deformation of the metaphyseal area, periostitis (grade 
5) and inflammation and narrowing of the bone marrow 
(left tibia, both femora and pelvis) = evidence of 
unknown systemic disease; slight arthrosis (left hand, 
both knee and foot joints), severe arthrosis with 
eburnation (right hand), slight spondylosis (lumbar 
vertebrae) 
Reg-53 Min-53 Female Mature 
50-60 
years 
dental abscess 
cribra orbitalia, periostitis on femora and tibiae (grade 
3), and on fibulae (grade 4), and on calcanei; slight 
arthrosis (right shoulder, both elbows, left knee and right 
hand joints) 
Reg- 56 Min- 56 Female Adult 
20-25 
years 
caries; dental abscess 
craniosynostosis (coronal suture, part of the sagittal 
suture and temporal suture right side); periostitis (grade 
2) with deformation of the tibiae = evidence for 
infectious disease (osteomyelitis) 
Reg-59 Min-59 Female Adult 
20-30 
years 
caries Harris lines; femur fracture (left side) 
Reg-61 Min-61 Female Mature 
45-55 
years 
caries spondylosis (cervical vertebrae); Schmorl's nodes 
Reg-64 Min-64 Female 
Adult - 
Mature 
30-50 
years 
caries; dental abscesses 
periostitis on tibiae (grade 2); slight arthrosis (both knee 
joints) 
Reg-65 Min-65 Male Mature 
45-55 
years 
caries; dental abscesses; 
enamel hypoplasia (incisor, 
canine) 
periostitis on right radius, tibia and left fibula (grade 3), 
and on left tibia (grade 4); fracture (right 5th 
metacarpal); synostosis of all metacarpals and carpals of 
the right hand; severe arthrosis of the right ulnar joint 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Periostitis grades: 2 = inactive lesion, 3-4 = slight to moderate active lesion, 5 = inactive & active lesion, 6 = active lesion associated with osteomyelitis    
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APPENDIX E continued 
 
Table E.2 (continued): Sex, age and pathology profiles for Regensburg skeletal sample* 
Olsen 
ID 
von 
Heyking    
ID 
Sex 
Age 
Category 
Age 
Range 
Dental Pathology Skeletal Pathology 
Reg-67 Min-67 Male Senile 
60-x 
years 
dental abscess 
slight arthrosis (hip, knee and foot joints); slight 
spondylosis (cervical and lumbar vertebrae); severe 
spondylosis (thoracic vertebrae) 
Reg-69 Min-69 Male Mature 
45-50 
years   
Reg-70 Min-70 Female Senile 
60-x 
years 
caries 
fracture of right tibia and fibula; slight arthrosis (both 
shoulder and right elbow joints); severe arthrosis (knee 
joints); slight spondylosis (thoracic and lumbar 
vertebrae); severe spondylosis (cervical vertebrae) 
Reg-76 Min-76 Male Mature 
40-50 
years  
Schmorl's nodes 
Reg-79 Min-79 Female 
Adult - 
Mature 
35-45 
years  
slight arthrosis (both hip, hand joints); slight spondylosis 
and spondylarthrosis (lumbar vertebrae) 
Reg-80 Min-80 Male Juvenile 
18-20 
years  
cartilage defect (left scapula); severe Schmorl's nodes 
Reg-83 Min-83 Male Adult 
20-24 
years 
slight enamel hypoplasia 
(mandibular canine and 
premolars) 
cartilage defect (tibia distal left side) 
Reg-84 Min-84 
Probably 
Male 
Juvenile 
18-22 
years 
caries 
craniosynostosis (coronal suture left side); slight 
spondylarthrosis; Schmorl's nodes 
Reg-85a Min-85a ? Juvenile 
13-16 
years 
slight enamel hypoplasia 
(canine and premolars)  
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Periostitis grades: 2 = inactive lesion, 3-4 = slight to moderate active lesion, 5 = inactive & active lesion, 6 = active lesion associated with osteomyelitis    
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APPENDIX E continued 
 
Table E.2 (continued): Sex, age and pathology profiles for Regensburg skeletal sample* 
Olsen 
ID 
von 
Heyking    
ID 
Sex 
Age 
Category 
Age 
Range 
Dental Pathology Skeletal Pathology 
Reg-86 Min-86 Female 
Mature - 
Senile 
50-70 
years 
caries 
periostitis on right femur (grade 4), tibia and fibula 
(grade 2); slight arthrosis (both elbow and hand joints); 
severe arthrosis with eburnation (right hip); severe 
arthrosis (both foot joints); slight spondylosis and 
spondylarthrosis (lumbar vertebrae), severe spondylosis 
and spondylarthrosis (thoracic vertebrae) 
Reg-87 Min-87 Female Mature 
40-60 
years 
caries; dental abscesses; jaw 
cyst 
serial rib fracture (both sides); periostitis on left femur 
and right tibia (grade 3); slight arthrosis (both foot 
joints); slight spondylosis and spondylarthrosis (thoracic 
and lumbar vertebrae); Schmorl's nodes 
Reg-89 Min-89 ? Adult 
20-x 
years  
osteomyelitis (distal left tibia); periostitis on left fibula 
and calcaneus (grade 3) 
Reg-96 Min-96 
Probably 
Male 
Adult - 
Mature 
30-50 
years 
caries; dental abscess; slight 
enamel hypoplasia 
(mandibular canine) 
periostitis on left distal tibia (grade 2) 
Reg-97 Min-97 Female Mature 
40-50 
years 
caries 
slight spondylosis and spondylarthrosis (cervical and 
thoracic vertebrae) 
Reg-99 Min-99 
Probably 
Female 
Adult 
20-40 
years 
caries; severe enamel 
hypoplasia (premolars)  
Reg-100 Min-100 Male Mature 
45-55 
years 
caries 
cartilage defect (proximal left humerus); fracture (right 
5th metacarpal); slight arthrosis (left elbow joint); slight 
spondylosis (thoracic vertebrae), severe spondylosis 
(lumbar vertebrae); Schmorl's nodes 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Periostitis grades: 2 = inactive lesion, 3-4 = slight to moderate active lesion, 5 = inactive & active lesion, 6 = active lesion associated with osteomyelitis    
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APPENDIX E continued 
 
Table E.2 (continued): Sex, age and pathology profiles for Regensburg skeletal sample* 
Olsen 
ID 
von 
Heyking    
ID 
Sex 
Age 
Category 
Age 
Range 
Dental Pathology Skeletal Pathology 
Reg-107 Min-107 Male Adult 
35-40 
years 
caries; dental abscess periostitis on right femur (grade 3); cribra orbitalia 
Reg-112 Min-112 Male Juvenile 
14-16 
years 
caries; enamel hypoplasia 
Harris lines; cribra orbitalia; early stage craniosynostosis 
(coronal suture); porous bone on zygomatic and 
supraorbital ridge = possible case of scurvy; destruction 
of thoracic vertebrae articular facets; blunt trauma on 
skull (Pond fracture) 
Reg-115 Min-115 Male Adult 
30-x 
years  
Harris lines; periosteal reaction with inflammation of the 
marrow on right tibia and fibula = evidence for 
infectious disease, probably osteomyelitis; slight 
arthrosis (right elbow and hand joints) 
Reg-116 Min-116 Male Adult 
25-30 
years 
caries; dental abscess 
Harris lines; cranial fracture (blunt blow on frontal 
bone); bone outgrowth on right tibia = possibly due to 
trauma (e.g., subperiosteal hematoma) or a form of 
Myositis ossificans; periostitis on right fibula (grade 2); 
slight arthrosis (both hip and foot joints, left hand joint); 
slight spondylarthrosis (lumbar vertebrae) 
Reg-117 Min-117 Male Adult 
20-25 
years 
caries; dental abscess 
 
Reg-120 Min-120 Male Juvenile 
16-19 
years  
cribra orbitalia; rickets; periostitis on femora and tibiae 
(grade 2) 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Periostitis grades: 2 = inactive lesion, 3-4 = slight to moderate active lesion, 5 = inactive & active lesion, 6 = active lesion associated with osteomyelitis    
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APPENDIX E continued 
 
Table E.2 (continued): Sex, age and pathology profiles for Regensburg skeletal sample* 
Olsen 
ID 
von 
Heyking    
ID 
Sex 
Age 
Category 
Age 
Range 
Dental Pathology Skeletal Pathology 
Reg-121 Min-121 Male Mature 
50-60 
years 
caries; enamel hypoplasia 
Harris lines; periostitis on left humerus, right femur and 
tibia (grade 3), and on left femur and tibia (grade 4); 
bone alteration unknown cause on left femur; slight 
arthrosis (both shoulder and knee, right elbow and hand 
joints); severe spondylosis (thoracic vertebrae) with 
wedge vertebrae 
Reg-123 Min-123 Male Mature 
45-50 
years 
caries 
cut marks left parietal bone = possible evidence of 
treatment; slight arthrosis (temporomandibular joint); 
spondylosis (lumbar vertebrae); Schmorl's nodes 
Reg-130 Min-130 Male Adult 
20-25 
years 
caries 
multiple traumas (right humerus, radius and scapula 
fractures);  necrosis of right talus (unknown cause) 
Reg-135 Min-135 Male Adult 
30-40 
years 
caries 
cribra orbitalia; slight arthrosis (temporomandibular 
joint); spondylosis cervical and spondylarthrosis (lumbar 
vertebrae) 
Reg-136 Min-136 
Probably 
Female 
Infancy 1 
2-4 
years  
Harris lines; rickets (inactive at the time of death); 
ectocranial periostitis (temporal bone) 
Reg-138 Min-138 Female Adult 
30-40 
years 
caries 
cribra orbitalia; osteomalacia; slight spondylosis and 
severe spondylarthrosis with eburnation (cervical 
vertebrae) 
Reg-139 Min-139 Male Adult 20-x 
 
osteomalacia 
Reg-144 Min-144 Female Mature 
50-60 
years 
dental abscess 
craniosynostosis (right coronal suture); periostitis on left 
tibia (grade 3); arthrosis (all large joints) and arthrosis 
with eburnation (vertebrae) = possible evidence of 
rheumatoid arthritis 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Periostitis grades: 2 = inactive lesion, 3-4 = slight to moderate active lesion, 5 = inactive & active lesion, 6 = active lesion associated with osteomyelitis    2
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APPENDIX E continued 
 
Table E.2 (continued): Sex, age and pathology profiles for Regensburg skeletal sample* 
Olsen 
ID 
von 
Heyking    
ID 
Sex 
Age 
Category 
Age 
Range 
Dental Pathology Skeletal Pathology 
Reg-145 Min-145 ? 
Infancy 2 - 
Juvenile 
11-13 
years 
caries; severe enamel 
hypoplasia; Hutchinson´s 
incisors and Mulberry molars 
= possible evidence of 
congenital syphilis; bone 
resorption on upper right 
maxilla 
slight cribra orbitalia 
Reg-146 Min-146 Female 
Adult - 
Mature 
35-45 
years 
caries; dental abscess cribra orbitalia 
Reg-155 Min-155 Female Senile 
60-x 
years  
cribra orbitalia; Harris lines; deformation of tibiae 
(inflammation of marrow) with periostitis (grade 5); 
periostitis (grade 6) or osteomyelitis (left ulna); slight 
arthrosis (left hand and both foot joints); spondylosis 
(thoracic and lumbar vertebrae); Schmorl's nodes 
Reg-156 Min-156 Female Senile 
60-70 
years  
slight arthrosis (both foot joints); spondylosis (lumbar 
vertebrae) 
Reg-157 Min-157 ? 
Infancy 2 - 
Juvenile 
11-14 
years 
caries; severe enamel 
hypoplasia; dental abscess 
Harris lines; craniosynostosis (coronal suture); periostitis 
on calcanei; severe cribra orbitalia; spondylarthrosis 
(thoracic vertebrae) 
Reg-158 Min-158 Female Adult 
20-x 
years 
caries; dental abscess multiple craniosynostosis 
Reg-171 Min-171 Male Adult 
30-40 
years 
caries; slight enamel 
hypoplasia 
Colles' fracture (right radius and ulna); slight arthrosis 
(left knee and right hand joints) 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Periostitis grades: 2 = inactive lesion, 3-4 = slight to moderate active lesion, 5 = inactive & active lesion, 6 = active lesion associated with osteomyelitis    
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APPENDIX E continued 
 
Table E.2 (continued): Sex, age and pathology profiles for Regensburg skeletal sample 
Olsen 
ID 
von 
Heyking    
ID 
Sex 
Age 
Category 
Age 
Range 
Dental Pathology Skeletal Pathology 
Reg-175b 
Min-
175b 
? Infancy 1 
1-2 
years 
permanent dentition in alveoli 
has severe enamel hypoplasia 
cribra orbitalia; ectocranial periostitis (on temporal bone, 
alveolar parts of maxilla and mandible, and palate) and 
endocranial periostitis (frontal bone) = evidence of 
unknown systemic disease 
Reg-199 Min-199 Male Adult 
20-25 
years 
caries; severe enamel 
hypoplasia 
fracture (left radius and ulna), slight arthrosis (both hand 
joints); Schmorl's nodes 
Reg-201 Min-201 Female Juvenile 
16-20 
years   
Reg-208 Min-208 
Probably 
Female 
Mature - 
Senile 
50-70 
years  
cribra orbitalia 
Reg-212 Min-212 Female Mature 
40-45 
years 
caries; dental abscesses, 
severe enamel hypoplasia 
periostitis on tibiae and fibulae (grade 5); slight arthrosis 
(both hip and foot joints); slight spondylosis (cervical, 
thoracic and lumbar vertebrae) 
Reg-214 Min-214 Male Infancy 1 
3-5 
years 
caries 
Harris lines; cribra orbitalia; craniosynostosis (sagittal 
suture); rickets (active at the time of death); periostitis 
on right humerus, radius, ulna, both fibulae (grade 3), 
and on ribs and scapulae 
Reg-216 Min-216 Male Adult 
20-25 
years 
slight enamel hypoplasia 
cribra orbitalia; periostitis right tibia (grade 2); deformed 
radius, ulna and  ribs (unknown cause); slight arthrosis 
(both elbow, knee hand and foot joints); spondylosis 
(thoracic vertebrae); 1st left metacarpal appears swollen 
Reg-221 Min-221 ? Adult 
20-x 
years  
possible osteomalacia 
Reg-227 Min-227 Male Adult 
25-30 
years 
caries 
cribra orbitalia; fracture (left fibula); slight arthrosis 
(both hip joints); Schmorl's nodes 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Periostitis grades: 2 = inactive lesion, 3-4 = slight to moderate active lesion, 5 = inactive & active lesion, 6 = active lesion associated with osteomyelitis    
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APPENDIX E continued 
 
Table E.2 (continued): Sex, age and pathology profiles for Regensburg skeletal sample* 
Olsen 
ID 
von 
Heyking    
ID 
Sex 
Age 
Category 
Age 
Range 
Dental Pathology Skeletal Pathology 
Reg-247 Min-247 Female 
Mature - 
Senile 
50-70 
years 
caries; dental abscess 
Colles' fracture (left radius); periostitis on tibiae and 
right fibula (grade 3), left fibula grade 5; slight arthrosis 
left elbow and hand joint; slight spondylosis lumbar 
vertebrae; Schmorl's nodes 
Reg-249 Min-249 Female Adult 
30-40 
years 
caries; slight enamel 
hypoplasia 
scoliosis with fused iliosacral joint; periosteal lesions on 
humerus (grade 4), and on tibiae (grade 5) with 
deformation = evidence for infectious disease 
(osteomyelitis); bone destruction with surrounding 
inflammation on the left pelvic bone = unknown cause; 
craniosynostosis (left coronal suture) 
Reg-260 Min-260 Female Adult 
23-28 
years 
caries; dental abscesses; slight 
enamel hypoplasia 
fracture (right fibula); several left rib fractures; 
periostitis on left tibia (grade 2); Schmorl's nodes 
Reg-261 Min-261 Female Adult 
28-33 
years 
caries 
cribra orbitalia; slight arthrosis (both elbow and foot 
joints); slight spondylosis (cervical and thoracic 
vertebrae) 
Reg-273 Min-273 Male Adult 
25-30 
years 
caries; dental abscess 
cribra orbitalia; multiple traumas: fracture (left femur, 
right sacrum with joint fusion at 4th lumbar vertebrae, 
and serial rib fracture); periostitis left tibia (grade 3); 
slight arthrosis (both hand joints); spondylosis with 
wedge vertebrae (thoracic vertebrae); Schmorl's nodes 
Reg-293 Min-293 Male 
Adult - 
Mature 
30-50 
years 
caries 
Two cranial injuries with surrounding porosities (parietal 
bone); bulge thickening of right femur = unknown cause 
but possible tumour; slight arthrosis (both hand knee and 
foot joints); slight spondylosis (thoracic), severe 
spondylosis (lumbar vertebrae); Schmorl's nodes 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Periostitis grades: 2 = inactive lesion, 3-4 = slight to moderate active lesion, 5 = inactive & active lesion, 6 = active lesion associated with osteomyelitis    
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APPENDIX E continued 
 
Table E.2 (continued): Sex, age and pathology profiles for Regensburg skeletal sample* 
Olsen 
ID 
von 
Heyking    
ID 
Sex 
Age 
Category 
Age 
Range 
Dental Pathology Skeletal Pathology 
Reg-297 Min-297 ? Infancy 2 
8-10 
years 
severe enamel hypoplasia cribra orbitalia; rickets (active at the time of death) 
Reg-298 Min-298 Female Juvenile 
18-20 
years 
caries cribra orbitalia 
Reg-301 Min-301 Male Adult 
20-x 
years   
Reg-308 Min-308 Male Mature 
40-50 
years 
caries; hyperdontia mesiodens 
(right maxilla) 
osteoma (frontal bone); diffuse endocranial hypertrophy 
= possible hyperostosis frontalis interna; 
craniosynostosis (coronal and squamous suture); slight 
arthrosis (both elbow, left hip and hand joints); slight 
spondylosis and spondylarthrosis (lumbar vertebrae) 
Reg-309 Min-309 Female Adult 
20-25 
years 
caries; slight enamel 
hypoplasia  
Reg-310 Min-310 Male Juvenile 
18-20 
years 
caries 
cribra orbitalia; porotic areas on occipital and parietal 
bone (no hyperostosis of the diploe); porous bone on 
zygomatic bone 
Reg-317 Min-317 Male Adult 
25-40 
years 
caries; dental abscess periostitis on femora (grade 3) 
Reg-318 Min-318 Male Senile 
60-70 
years 
caries 
cranial injury (frontal bone); periostitis on left fibula 
(grade 5), right fibula (grade 3); slight arthrosis (both hip 
and foot joints); spondylarthrosis (lumbar vertebrae) 
Reg-320 Min-320 Male Mature 
40-50 
years 
caries; slight enamel 
hypoplasia 
periostitis locally restricted (grade 3); ectocranial 
porosities; slight arthrosis (both shoulder elbow and 
hand joints); severe arthrosis (both hip joints); slight 
spondylosis (thoracic and lumbar vertebrae) 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Periostitis grades: 2 = inactive lesion, 3-4 = slight to moderate active lesion, 5 = inactive & active lesion, 6 = active lesion associated with osteomyelitis    
 
2
2
3
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APPENDIX E continued 
 
Table E.2 (continued): Sex, age and pathology profiles for Regensburg skeletal sample* 
Olsen 
ID 
von 
Heyking    
ID 
Sex 
Age 
Category 
Age 
Range 
Dental Pathology Skeletal Pathology 
Reg-324 Min-324 
Probably 
Female 
Mature 
40-60 
years 
caries; slight enamel 
hypoplasia 
histological investigation indicates inflammation of the 
endocranial internal lamina (but the bone is poorly 
preserved so results are inconclusive); slight arthrosis 
(left hand and right hip joint) 
Reg-326 Min-326 Female Adult 
20-x 
years  
slight arthrosis (right elbow and left hip joint); slight 
spondylarthrosis (lumbar vertebrae); Schmorl's nodes 
Reg-328 Min-328 Male Adult 
25-30 
years 
caries; dental abscesses; slight 
enamel hypoplasia 
Harris lines; craniosynostosis (squamous suture, 
sphenosquamous suture, parietomastoideal suture; 
periostitis on femora and tibiae (grade 2); slight arthrosis 
(both hip, knee and hand joints) 
Reg-330 Min-330 
Probably 
Male 
Adult 
20-x 
years  
periostitis on tibiae and left fibula (grade 2); slight 
arthrosis (both knee, foot and hand joints) 
Reg-332 Min-332 Female Adult 
20-40 
years  
slight arthrosis (right knee joint) 
Reg-337 Min-337 
Probably 
Female 
Mature - 
Senile 
40-x 
years  
osteomyelitis (left tibia and fibula); slight arthrosis (both 
hip joints); severe arthrosis (both knee joints) 
Reg-340 Min-340 Male Mature 
50-60 
years 
caries; dental abscess 
Harris lines; thickened left tibia (restricted to a small 
area) with periostitis (grade 2); periostitis on left fibula 
(grade 2); ectocranial alterations include  porosities/ 
vascularisation without periostitis = histological 
investigation suggest a lytic process caused by a tumour 
(e.g., haemangioma); endocranial alterations =  unknown 
cause but possible case of meningitis; slight arthrosis 
(left shoulder, elbow and both knee joints); severe 
arthrosis (both hip joints); slight spondylosis (thoracic 
vertebrae), severe spondylosis (lumbar vertebrae) 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Periostitis grades: 2 = inactive lesion, 3-4 = slight to moderate active lesion, 5 = inactive & active lesion, 6 = active lesion associated with osteomyelitis    
2
2
4
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APPENDIX E continued 
 
Table E.2 (continued): Sex, age and pathology profiles for Regensburg skeletal sample* 
Olsen 
ID 
von 
Heyking    
ID 
Sex 
Age 
Category 
Age 
Range 
Dental Pathology Skeletal Pathology 
Reg-344 Min-344 Female Mature 
45-55 
years  
slight arthrosis (both hip joints) 
Reg-345 Min-345 
Probably 
Male 
Adult 
24-40 
years  
slight arthrosis (both elbow joints); slight 
spondylarthrosis (lumbar vertebrae) 
Reg-348 Min-348 Male Adult 
25-35 
years 
caries; slight enamel 
hypoplasia 
slight spondylosis (thoracic vertebrae); slight 
spondylarthrosis (lumbar vertebrae); Schmorl's nodes 
Reg-348b 
Min-
348b 
Female Adult 
20-24 
years 
severe enamel hypoplasia; 
dental defects comparable 
with Mulberry molars = 
possible evidence of 
congenital syphilis 
slight periostitis on femora (grade 2) 
Reg-351 Min-351 Male Juvenile 
16-18 
years 
caries; slight enamel 
hypoplasia 
cribra orbitalia; slight ectocranial porosities; 
craniosynostosis (coronal and sagittal suture and parts of 
lambdoid suture); deformed ribs and ribs with periostitis; 
spondylarthrosis (cervical, thoracic and lumbar 
vertebrae) = evidence for damaged posture 
Reg-358 Min-358 Female 
Adult - 
Mature 
35-50 
years 
caries 
Harris lines; cribra orbitalia; periostitis on tibiae and 
right fibula (grade 2); slight arthrosis (both shoulder, 
elbow hip and foot joints); slight spondylosis (thoracic 
vertebrae) 
Reg-361 Min-361 Male Adult 
25-35 
years 
caries 
cribra orbitalia; arthrosis (1st right metacarpal) = 
possible evidence of trauma 
Reg-368 Min-368 Female 
Mature - 
Senile 
55-70 
years 
caries; severe enamel 
hypoplasia 
periostitis on left tibia and both fibulae (grade 2); slight 
arthrosis (both shoulder, hip and knee joints) 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Periostitis grades: 2 = inactive lesion, 3-4 = slight to moderate active lesion, 5 = inactive & active lesion, 6 = active lesion associated with osteomyelitis    
 
 
2
2
5
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APPENDIX E continued 
 
Table E.2 (continued): Sex, age and pathology profiles for Regensburg skeletal sample* 
Olsen 
ID 
von 
Heyking    
ID 
Sex 
Age 
Category 
Age 
Range 
Dental Pathology Skeletal Pathology 
Reg-370 Min-370 
Probably 
Male 
Senile 
60-x 
years  
slight arthrosis (right knee joint); slight spondylosis 
(lumbar vertebrae) 
Reg-370b 
Min-
370b 
Probably 
Female 
Infancy 1 
0-0.5 
years  
periostitis on right clavicle, left humerus, both ulnas, 
radii, left femur, tibiae (grade 5); periostitis on frontal, 
temporal and sphenoid bones, and on mandible, maxilla, 
occipital bone (endocranial), scapulae and ribs = 
evidence of scurvy 
Reg-371 Min-371 Male Mature 
40-50 
years 
caries 
 
Reg-372 Min-372 
Probably 
Female 
Adult 
20-30 
years 
caries; dental abscesses slight spondylosis (thoracic and lumbar vertebrae) 
Reg-373 Min-373 Female Mature 
50-60 
years  
slight spondylosis (thoracic and lumbar vertebrae) 
Reg-374 Min-374 Male Mature 
40-50 
years  
bone necrosis with bone depositions (periostitis) on left 
femur (grade 3); alterations/arthrosis (left 2nd 
metacarpal and phalange) = possible evidence of trauma 
Reg-376 Min-376 
Probably 
Male 
Mature - 
Senile 
40-x 
years  
rib fracture (right side); slight spondylosis (cervical 
vertebrae) 
Reg-377 Min-377 Male Mature 
45-55 
years 
caries 
craniosynostosis (left coronal suture); slight arthrosis 
(right elbow, both hip, knee and foot joints); slight 
spondylosis and spondylarthrosis (thoracic and lumbar 
vertebrae); Schmorl's nodes 
Reg-378 Min-378 Male Mature 
40-60 
years 
caries; severe enamel 
hypoplasia 
slight arthrosis (elbow, hip and hand joints); slight 
spondylosis (thoracic and lumbar vertebrae) 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Periostitis grades: 2 = inactive lesion, 3-4 = slight to moderate active lesion, 5 = inactive & active lesion, 6 = active lesion associated with osteomyelitis    
 22
6
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APPENDIX E continued 
 
Table E.2 (continued): Sex, age and pathology profiles for Regensburg skeletal sample* 
Olsen 
ID 
von 
Heyking    
ID 
Sex 
Age 
Category 
Age 
Range 
Dental Pathology Skeletal Pathology 
Reg-380 Min-380 Female Adult 
20-25 
years 
caries 
 
Reg-384 Min-384 Female Mature 
40-60 
years  
osteoma (left parietal bone); bone alteration with 
eburnation left proximal humerus = possible result of 
trauma; periostitis on left femur and fibula (grade 2); 
deformation with periostitis (right tibia) = evidence for 
infectious disease, possibly osteomyelitis 
Reg-385 Min-385 
Probably 
Male 
Juvenile 
18-20 
years  
Periostitis locally restricted to a small area (left scapula) 
= unknown cause 
Reg-397 Min-397 ? Infancy 2 
8-10 
years 
caries, severe enamel 
hypoplasia, Hutchinson´s 
incisors and Mulberry molars 
= possible evidence of 
congenital syphilis 
 
Reg-398 Min-398 Male Mature 
45-55 
years 
caries; dental abscess 
Periostitis on left tibia and fibula (grade 2); slight 
arthrosis (both hip, knee and temporomandibular joint); 
slight spondylarthrosis (lumbar vertebrae) 
Reg-401 Min-401 Male Mature 
40-50 
years 
dental abscess 
local thickening in the middle of tibial diaphyses; 
periostitis on tibiae (grade 2); periostitis on fibulae 
(grade 4) = possible evidence for infectious disease; 
right 5th metacarpal swollen without periosteal changes; 
slight arthrosis (both elbow joints), severe arthrosis (hip 
joints); severe spondylosis (cervical, thoracic and lumbar 
vertebrae); Schmorl's nodes 
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Periostitis grades: 2 = inactive lesion, 3-4 = slight to moderate active lesion, 5 = inactive & active lesion, 6 = active lesion associated with osteomyelitis    
 
2
2
7
 
228 
 
 
APPENDIX E continued 
 
Table E.2 (continued): Sex, age and pathology profiles for Regensburg skeletal sample* 
Olsen 
ID 
von 
Heyking    
ID 
Sex 
Age 
Category 
Age 
Range 
Dental Pathology Skeletal Pathology 
Reg-403 Min-403 Female Adult 
25-35 
years 
caries; dental abscess 
severe arthrosis (temporomandibular joint), slight 
spondylosis (thoracic vertebrae) 
Reg-404 Min-404 Female Adult 
25-35 
years 
caries; dental abscess 
craniosynostosis (left coronal suture); fracture with 
surrounding periosteal lesions (left fibula); cribra 
orbitalia; slight arthrosis (left hand) 
Reg-406 Min-406 Female Senile 
65-75 
years  
slight arthrosis (both shoulder joints) 
Reg-407 Min-407 Female 
Adult - 
Mature 
35-45 
years 
caries; dental abscess 
craniosynostosis (sagittal suture); slight arthrosis (left 
elbow and both foot joints); slight spondylosis (lumbar 
vertebrae) 
Reg-424 Min-424 
Probably 
Male 
Adult 
20-40 
years 
caries; dental abscess 
 
Reg-537 Min-537 Female Adult 
25-35 
years 
caries; dental abscess; slight 
enamel hypoplasia  
*Assessment by Kristin von Heyking, Ludwig-Maximilians-University Munich 
Periostitis grades: 2 = inactive lesion, 3-4 = slight to moderate active lesion, 5 = inactive & active lesion, 6 = active lesion associated with osteomyelitis 
 
 
  
2
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APPENDIX F - Isotopic data for the Regensburg skeletal collection  
 
Table F.1: Collagen isotopic data for Regensburg human sample 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) C
o
ll
a
g
en
 
Y
ie
ld
 (
%
) 
%C %N C/N 
Reg-07 rib rib -19.94 10.96 6.8 36.3 13.5 3.1 
Reg-07 femur right femur -20.04 10.68 5.4 39.9 14.4 3.2 
Reg-12 distant bone fibula -20.05 11.57 18.7 44.2 16.7 3.1 
Reg-12 distant bone duplicate -20.11 11.51 18.7 46.6 16.9 3.2 
Reg-12a distant bone tibia -19.56 12.76 19.2 44.7 16.8 3.1 
Reg-12a distant bone duplicate -19.63 12.37 19.2 46.2 16.7 3.2 
Reg-14 distant bone rib -19.92 12.28 18.5 45.2 16.7 3.1 
Reg-14 lesion periosteal lesion, left tibia -19.82 12.54 6.7 39.6 14.5 3.2 
Reg-22 distant bone rb 1 rib, first area -19.83 11.16 19.1 44.7 16.8 3.1 
Reg-22 distant bone rb 2 rib, second area  -19.89 11.45 20.9 45.5 16.9 3.1 
Reg-22 dentin upper central incisor -19.46 11.49 16.2 45.7 16.8 3.2 
Reg-29 distant bone rib (no fracture) -19.66 11.48 20.6 45.5 16.7 3.1 
Reg-29 lesion rib fracture callus -19.63 11.90 23.8 43.9 16.4 3.1 
Reg-29 near lesion 1 near callus, rib fracture, 
1st area 
-19.63 11.37 19.5 42.1 15.7 3.1 
Reg-29 near lesion 2 near callus, rib fracture, 
2nd area 
-19.57 11.43 21.6 43.2 16.1 3.1 
Reg-46 distant bone rib -19.46 12.13 19.3 42.4 16.0 3.1 
Reg-47 distant bone 3rd metacarpal -19.74 12.13 21.1 46.1 17.0 3.1 
Reg-47 lesion periosteal lesion, right 
tibia 
-19.49 11.99 20.4 47.5 17.4 3.2 
Reg-47 near lesion near periosteal lesion, right 
tibia 
-19.76 11.88 21.1 46.8 17.3 3.1 
Reg-53 distant bone rib -19.79 11.44 14.3 43.4 16.4 3.1 
Reg-53 lesion periosteal lesion, left tibia -19.75 11.93 16.2 44.0 16.2 3.2 
Reg-56 distant bone clavicle -20.11 8.85 20.1 43.9 16.1 3.1 
Reg-56 lesion osteomyelitic lesion, left 
tibia 
-19.67 11.33 9.5 44.1 16.1 3.2 
Reg-56 lesion duplicate -19.75 11.36 9.5 43.5 15.9 3.2 
Reg-59 distant bone femur   -19.99 9.46 14.7 41.4 15.3 3.1 
Reg-61 distant bone rb rib -19.74 12.09 19.7 44.3 16.8 3.1 
Reg-61 distant bone mc left 2nd metacarpal -19.80 12.14 21.3 45.7 17.3 3.1 
Reg-61 distant bone mc method duplicate -19.76 12.13 21.6 45.2 16.7 3.2 
Reg-61 distant bone fb right fibula -19.83 11.25 20.7 45.4 16.6 3.2 
Reg-61 distant bone fb duplicate -19.76 11.31 20.7 45.2 16.5 3.2 
Reg-64 distant bone rib -19.51 11.83 19.1 47.6 17.6 3.2 
Reg-65 distant bone rib -19.57 11.63 6.1 38.7 14.1 3.2 
Reg-65 lesion periosteal lesion, left tibia -19.83 9.57 10.3 44.4 16.3 3.2 
Reg-67 distant bone rib -19.43 11.36 18.7 43.5 16.3 3.1 
Reg-67 distant bone duplicate -19.47 11.02 18.7 43.0 16.1 3.1 
Reg-69 distant bone 3rd metatarsal -19.57 11.87 18.5 38.1 14.2 3.1 
rb = rib, mc = fibula, fb = fibula 
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Table F.1 (continued): Collagen isotopic data for Regensburg human sample 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) C
o
ll
a
g
en
 
Y
ie
ld
 (
%
) 
%C %N C/N 
Reg-70 distant bone rib -19.69 11.55 20.9 43.2 16.3 3.1 
Reg-70 distant bone duplicate -19.66 11.89 20.9 41.6 15.6 3.1 
Reg-76 distant bone 5th metacarpal -19.57 11.81 16.4 38.6 14.5 3.1 
Reg-79 distant bone rib -19.56 11.64 20.8 47.8 17.6 3.2 
Reg-80 distant bone rb rib -19.88 9.91 7.2 32.5 12.1 3.1 
Reg-80 distant bone mc left 2nd metacarpal -19.85 9.69 7.9 41.5 15.3 3.2 
Reg-80 distant bone fb right fibula -20.01 9.53 5.3 40.3 14.8 3.2 
Reg-83 distant bone rib -19.58 12.45 10.1 36.4 13.6 3.1 
Reg-83 distant bone duplicate -19.49 12.27 10.1 36.4 13.6 3.1 
Reg-84 distant bone rib -19.69 11.35 14.8 39.0 14.7 3.1 
Reg-85a distant bone tibia -19.93 10.35 8.9 43.1 15.7 3.2 
Reg-85a distant bone duplicate -19.97 10.48 8.9 43.1 15.7 3.2 
Reg-86 distant bone rib -19.82 9.99 21.1 45.6 16.8 3.1 
Reg-86 lesion (p) periosteal lesion, right 
femur 
-19.79 10.22 22.8 44.8 16.8 3.1 
Reg-86 lesion (jd) lipping, right femur head -19.88 9.99 12.6 44.6 16.7 3.1 
Reg-86 lesion (jd) duplicate -19.96 9.97 12.6 44.5 16.5 3.1 
Reg-87 distant bone 2nd metatarsal -19.53 11.56 15.8 44.2 16.2 3.2 
Reg-87 lesion rib fracture callus -19.30 12.11 19.4 42.1 15.7 3.1 
Reg-87 near lesion 1 near callus, rib fracture, 
1st area 
-19.41 11.71 21.6 42.4 15.9 3.1 
Reg-87 near lesion 2 near callus, rib fracture, 
2nd area 
-19.44 11.63 21.2 42.7 15.9 3.1 
Reg-87 near lesion 3 near callus, rib fracture, 
3rd area 
-19.43 11.92 18.7 40.8 15.2 3.1 
Reg-89 distant bone rib -19.70 11.32 19.7 44.4 16.4 3.2 
Reg-89 lesion 1 osteomyelitic lesion, left 
tibia, 1st area 
-19.18 12.36 11.8 42.0 15.7 3.1 
Reg-89 lesion 2 osteomyelitic lesion, left 
tibia, 2nd area 
-19.23 12.31 10.6 41.0 15.3 3.1 
Reg-89 near lesion near osteomyelitic lesion, 
left tibia 
-19.83 10.28 13.4 42.2 15.8 3.1 
Reg-96 distant bone rib -19.76 8.01 8.6 40.9 14.8 3.2 
Reg-96 lesion periosteal lesion, left tibia -19.73 8.14 5.9 40.2 14.6 3.2 
Reg-97 distant bone rib -19.56 11.79 19.1 42.1 15.9 3.1 
Reg-97 distant bone duplicate -19.54 11.75 19.1 42.3 16.0 3.1 
Reg-99 distant bone rib -20.36 10.24 17.7 50.9 18.8 3.2 
Reg-99 distant bone duplicate -20.49 9.90 17.7 46.0 16.8 3.2 
Reg-100 distant bone rib -19.60 10.77 18.5 45.0 16.5 3.1 
Reg-100 lesion 5th right metacarpal 
fracture callus 
-19.45 11.34 24.4 44.4 16.6 3.1 
rb = rib, mc = fibula, fb = fibula 
jd = joint disease, p = periostitis 
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Table F.1 (continued): Collagen isotopic data for Regensburg human sample 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) C
o
ll
a
g
en
 
Y
ie
ld
 (
%
) 
%C %N C/N 
Reg-100 near lesion 1 near callus, 5th right 
metacarpal, 1st area 
-19.59 11.39 22.5 43.9 16.5 3.1 
Reg-100 near lesion 2 near callus, 5th right 
metacarpal, 2nd area 
-19.49 11.50 23.5 44.0 16.5 3.1 
Reg-107 distant bone rib -19.84 11.42 20.6 44.1 16.7 3.1 
Reg-107 lesion periosteal lesion, right 
femur 
-19.63 12.58 22.3 45.6 17.1 3.1 
Reg-107 near lesion near periosteal lesion, right 
femur 
-19.37 12.65 19.8 46.1 17.0 3.1 
Reg-112 distant bone rib -19.43 11.43 21.1 43.0 16.2 3.1 
Reg-115 distant bone 4th metacarpal -19.94 11.90 19.8 42.9 16.0 3.1 
Reg-115 lesion 1 osteomyelitic lesion, left 
fibula, 1st area 
-19.66 12.72 14.8 42.3 15.7 3.1 
Reg-115 lesion 2 osteomyelitic lesion, left 
fibula, 2nd area 
-19.71 12.64 14.6 43.4 16.1 3.1 
Reg-115 lesion 2 duplicate -19.65 12.37 13.3 44.7 16.4 3.2 
Reg-115 near lesion 1 near osteomyelitic lesion, 
left fibula, 1st area 
-19.67 12.56 14.2 43.6 16.2 3.1 
Reg-115 near lesion 2 near osteomyelitic lesion, 
left fibula, 2nd area 
-20.10 11.54 16.6 44.2 16.4 3.2 
Reg-116 distant bone rib -19.67 12.30 20.1 41.1 15.3 3.1 
Reg-116 lesion subperiosteal hematoma, 
right tibia 
-19.38 12.43 22.9 45.6 16.9 3.2 
Reg-116 near lesion near hematoma, right tibia -19.71 10.39 21.1 46.0 17.4 3.1 
Reg-117 distant bone rib -19.81 10.99 14.1 35.4 13.2 3.1 
Reg-120 distant bone rb rib -19.32 11.33 4.7 38.3 14.3 3.1 
Reg-120 distant bone rb duplicate -19.35 11.06 4.7 40.4 14.6 3.2 
Reg-120 distant bone mc right 2nd metacarpal -19.44 10.98 2.7 36.9 13.6 3.2 
Reg-120 distant bone fb left fibula -19.59 10.65 2.8 37.1 13.5 3.2 
Reg-121 distant bone rib -19.46 13.22 16.9 44.7 16.6 3.1 
Reg-121 lesion periosteal lesion, right tibia -19.57 13.12 4.4 38.5 13.8 3.3 
Reg-123 distant bone rib -19.74 11.23 19.0 45.3 16.7 3.1 
Reg-130 distant bone A phalanx -20.02 11.43 18.8 44.0 16.6 3.1 
Reg-130 lesion A right humerus fracture 
callus 
-19.87 11.87 20.7 45.2 16.4 3.2 
Reg-130 near lesion 1A near callus, right humerus 
fracture, 1st area 
-19.92 11.84 18.7 45.3 16.7 3.1 
Reg-130 near lesion 2A near callus, right humerus 
fracture, 2nd area 
-19.84 11.61 20.2 45.7 16.4 3.2 
Reg-130 near lesion 2A duplicate -19.91 11.70 20.2 46.0 16.7 3.2 
Reg-130 distant bone phalanx -19.92 11.91 20.7 44.8 16.8 3.1 
rb = rib, mc = fibula, fb = fibula 
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Table F.1 (continued): Collagen isotopic data for Regensburg human sample 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) C
o
ll
a
g
en
 
Y
ie
ld
 (
%
) 
%C %N C/N 
Reg-130 lesion right humerus fracture 
callus 
-19.94 12.07 20.9 45.7 17.1 3.1 
Reg-130 near lesion 1 near callus, right humerus 
fracture, 1st area 
-19.90 11.98 21.1 44.4 16.3 3.2 
Reg-130 near lesion 2 near callus, right humerus 
fracture, 2nd area 
-19.95 11.87 20.9 45.4 17.0 3.1 
Reg-135 distant bone rib -19.39 12.60 18.7 44.0 16.4 3.1 
Reg-136 rib rib -19.91 13.42 20.8 41.7 15.6 3.1 
Reg-136 femur left femur -19.85 13.60 18.2 46.1 17.0 3.1 
Reg-138 rib rib -19.64 11.46 15.0 40.9 15.4 3.1 
Reg-138 femur left femur -19.67 10.99 11.3 44.1 16.3 3.1 
Reg-139 metatarsal 4th metatarsal -19.64 10.52 22.9 45.4 16.7 3.2 
Reg-139 metatarsal method duplicate -19.69 10.63 21.7 46.2 17.1 3.2 
Reg-139 femur left femur -19.60 10.42 17.4 45.8 16.9 3.1 
Reg-144 distant bone rib -19.66 11.66 20.1 43.7 16.4 3.1 
Reg-144 lesion 1 eburnation, left femur, 1st 
area 
-19.70 12.31 23.2 46.1 17.3 3.1 
Reg-144 lesion 1 duplicate -19.69 12.20 23.2 46.7 17.5 3.1 
Reg-144 lesion 2 eburnation, left femur, 2nd 
area 
-19.69 12.33 23.6 45.4 17.0 3.1 
Reg-144 near lesion near eburnation, left femur -19.63 11.69 23.0 44.5 16.6 3.1 
Reg-144 near lesion duplicate -19.66 11.76 23.0 45.1 16.9 3.1 
Reg-145 distant bone rib  -19.88 11.41 21.7 45.3 16.7 3.1 
Reg-145 distant bone duplicate -19.89 11.46 21.7 45.8 16.9 3.1 
Reg-145 dentin lower right 1st molar -19.45 11.35 15.9 46.5 17.2 3.2 
Reg-146 distant bone 1st metacarpal -19.95 11.76 16.3 42.2 15.8 3.1 
Reg-155 distant bone rib -20.00 12.08 15.9 40.5 15.1 3.1 
Reg-155 lesion periosteal lesion, right tibia -20.08 10.84 19.4 44.5 16.0 3.2 
Reg-156 distant bone 5th metacarpal -19.55 11.18 18.9 44.0 16.6 3.1 
Reg-157 distant bone rib -19.96 10.48 16.8 44.5 16.3 3.2 
Reg-158 distant bone  cranial fragment  -19.97 10.89 17.6 45.1 16.5 3.2 
Reg-171 distant bone rib -19.43 12.04 15.4 43.8 16.5 3.1 
Reg-171 lesion right radius fracture callus -19.29 12.25 21.9 42.8 16.0 3.1 
Reg-171 lesion duplicate -19.31 12.41 21.9 43.1 16.1 3.1 
Reg-171 near lesion 1 near callus, right radius 
fracture callus, 1st area 
-19.41 11.48 15.1 41.1 15.3 3.1 
Reg-171 near lesion 2 near callus, right radius 
fracture callus, 2nd area 
-19.36 12.18 21.9 43.2 16.2 3.1 
Reg-175b distant bone cranial fragment  -20.40 12.53 18.4 45.0 17.0 3.1 
Reg-199 distant bone rib -19.36 11.69 16.2 43.5 16.1 3.1 
Reg-199 lesion 1 left radius fracture callus, 
1st area 
-19.37 11.97 8.7 41.7 15.5 3.1 
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Table F.1 (continued): Collagen isotopic data for Regensburg human sample 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) C
o
ll
a
g
en
 
Y
ie
ld
 (
%
) 
%C %N C/N 
Reg-199 lesion 2 left radius fracture callus, 
2nd area 
-19.21 12.23 7.6 41.5 15.3 3.2 
Reg-199 near lesion  near callus, left radius 
fracture 
-19.61 11.18 7.1 41.1 15.2 3.2 
Reg-201 distant bone ulna   -19.84 10.44 25.1 36.1 13.2 3.2 
Reg-201 distant bone duplicate -20.01 10.75 25.1 42.5 15.9 3.1 
Reg-208 distant bone cranial fragment  -19.81 12.69 12.3 40.2 15.0 3.1 
Reg-212 distant bone rib -19.84 10.43 9.9 41.2 15.1 3.2 
Reg-212 lesion 1 periosteal lesion, right 
fibula, 1st area 
-19.79 10.48 7.4 42.3 15.5 3.2 
Reg-212 lesion 2  periosteal lesion, right 
fibula, 2nd area 
-19.91 10.40 14.0 42.9 16.1 3.1 
Reg-212 near lesion 1 near periosteal lesion, right 
fibula, 1st area 
-19.94 10.32 17.6 45.1 17.1 3.1 
Reg-212 near lesion 2 near periosteal lesion, right 
fibula, 2nd area 
-19.89 10.04 16.8 45.1 16.7 3.1 
Reg-212 near lesion 3 near periosteal lesion, right 
fibula, 2nd area 
-19.90 9.84 20.8 45.3 17.0 3.1 
Reg-214 rib rib -19.54 12.48 22.4 45.6 16.9 3.1 
Reg-214 femur left femur -19.62 12.55 8.0 42.2 15.5 3.2 
Reg-216 distant bone rib -19.35 11.79 21.8 44.5 16.4 3.1 
Reg-216 distant bone duplicate -19.33 11.91 21.8 44.9 16.6 3.1 
Reg-216 lesion swollen?, 1st left 
metacarpal 
-19.39 11.45 21.9 46.7 17.1 3.2 
Reg-221 metatarsal osteomalacia, 3rd 
metatarsal 
-19.81 11.13 21.5 45.4 16.9 3.1 
Reg-221 metatarsal method duplicate -19.87 11.10 20.8 45.2 16.5 3.2 
Reg-227 distant bone rib -19.90 12.35 19.1 44.1 16.2 3.2 
Reg-247 distant bone rib -19.52 11.87 19.8 45.9 16.9 3.1 
Reg-247 distant bone duplicate -19.52 11.70 19.8 45.3 16.7 3.1 
Reg-247 lesion left radius fracture callus -19.52 11.72 24.1 43.4 16.2 3.1 
Reg-247 near lesion near callus, left radius 
fracture 
-19.53 10.84 21.0 45.7 16.6 3.2 
Reg-247 near lesion duplicate -19.54 10.90 21.0 45.2 16.5 3.2 
Reg-249 distant bone rib -19.39 11.71 21.3 45.6 16.9 3.1 
Reg-249 lesion osteomyelitic lesion, left 
tibia 
-19.21 12.23 6.5 41.2 15.1 3.2 
Reg-260 distant bone rib -20.27 8.91 15.6 44.9 16.5 3.2 
Reg-260 distant bone method duplicate -20.41 8.77 9.1 41.6 15.2 3.2 
Reg-261 distant bone rb rib -19.58 12.71 22.6 38.9 14.6 3.1 
Reg-261 distant bone mc right fibula -19.31 12.33 25.5 44.7 16.4 3.2 
rb = rib, mc = fibula, fb = fibula 
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Table F.1 (continued): Collagen isotopic data for Regensburg human sample 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) C
o
ll
a
g
en
 
Y
ie
ld
 (
%
) 
%C %N C/N 
Reg-261 distant bone fb left 2nd metacarpal -19.31 13.02 6.4 38.3 14.5 3.1 
Reg-273 distant bone rib (no fracture) -19.64 12.51 19.7 44.8 16.6 3.1 
Reg-273 lesion 1 rib fracture callus, 1st area -19.60 12.65 12.7 42.5 15.9 3.1 
Reg-273 lesion 2 rib fracture callus, 2nd area -19.59 12.93 14.5 42.3 15.9 3.1 
Reg-273 near lesion  near callus, rib fracture  -19.61 12.51 17.6 43.6 16.4 3.1 
Reg-293 distant bone rib -19.51 10.98 18.3 43.2 15.9 3.1 
Reg-293 lesion benign tumor, right femur -19.69 8.91 7.0 40.4 14.8 3.2 
Reg-293 near lesion near tumor, right femur -19.81 10.10 6.9 41.0 14.9 3.2 
Reg-297 rib rib -19.92 11.89 13.3 44.0 16.7 3.1 
Reg-297 femur femur   -19.83 11.67 7.5 41.2 15.0 3.2 
Reg-298 distant bone rib -19.77 10.40 16.1 43.2 15.9 3.2 
Reg-301 distant bone fibula   -19.50 11.85 18.5 44.6 16.2 3.2 
Reg-308 distant bone rib -19.33 12.36 19.3 44.6 16.5 3.2 
Reg-308 distant bone duplicate -19.31 12.43 19.3 45.9 16.9 3.2 
Reg-309 distant bone 3rd metatarsal -19.58 11.34 22.2 45.1 16.4 3.2 
Reg-309 distant bone method duplicate -19.48 11.04 13.8 44.5 16.8 3.1 
Reg-310 distant bone rib -19.69 12.10 15.4 41.8 15.9 3.1 
Reg-310 lesion porotic lesion, cranial frag. -19.90 11.75 21.4 45.5 16.7 3.2 
Reg-317 distant bone rib -19.39 11.76 20.3 44.7 16.8 3.1 
Reg-317 distant bone duplicate -19.53 11.67 20.3 45.4 16.8 3.2 
Reg-317 lesion periosteal lesion, left femur -19.43 11.31 10.4 43.5 16.1 3.2 
Reg-318 distant bone 2nd metatarsal -19.69 12.66 18.9 43.8 16.2 3.2 
Reg-318 lesion periosteal lesion, right 
fibula 
-19.67 12.40 20.4 45.6 16.8 3.2 
Reg-318 lesion duplicate -19.70 12.36 20.4 45.6 16.8 3.2 
Reg-320 distant bone rib -20.01 10.25 22.1 45.7 16.8 3.1 
Reg-320 lesion 1 lipping, left femur, 1st area -19.91 11.00 13.4 43.7 16.4 3.1 
Reg-320 lesion 2 lipping, left femur, 2nd 
area 
-19.98 10.89 14.7 42.4 15.8 3.1 
Reg-324 distant bone femur   -19.54 11.23 18.8 40.2 14.9 3.1 
Reg-326 distant bone phalanx -19.71 10.92 22.7 45.0 16.5 3.2 
Reg-328 distant bone rib -19.95 10.87 18.9 44.4 16.7 3.1 
Reg-330 distant bone rib -19.50 11.27 21.4 45.1 16.4 3.2 
Reg-332 distant bone 2nd metacarpal -19.88 9.59 11.9 42.3 15.7 3.1 
Reg-337 distant bone 2nd metacarpal -19.85 10.63 14.5 43.6 16.6 3.1 
Reg-337 lesion 1 osteomyelitic lesion, left 
tibia, 1st area 
-19.60 11.75 20.3 45.4 16.4 3.2 
Reg-337 lesion 2 osteomyelitic lesion, left 
tibia, 2nd area 
-19.68 11.85 22.0 45.9 17.2 3.1 
Reg-340 distant bone rib -20.03 9.32 19.6 45.8 16.9 3.1 
Reg-340 lesion  porotic lesion, cranial 
fragment 
-19.48 11.72 10.1 43.9 16.1 3.2 
Reg-344 distant bone fibula -19.71 11.52 6.0 46.1 16.9 3.2 
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Table F.1 (continued): Collagen isotopic data for Regensburg human sample 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) C
o
ll
a
g
en
 
Y
ie
ld
 (
%
) 
%C %N C/N 
Reg-345 distant bone rib -19.54 10.85 22.2 38.4 14.4 3.1 
Reg-348 distant bone rib -19.55 12.02 17.9 37.9 14.2 3.1 
Reg-348 distant bone duplicate -19.56 11.96 17.9 38.2 14.2 3.1 
Reg-348b distant bone clavicle -19.82 11.89 20.1 45.4 16.7 3.2 
Reg-351 distant bone rib -19.50 11.77 14.7 44.8 17.1 3.1 
Reg-351 distant bone duplicate -19.47 11.69 14.7 44.5 16.8 3.1 
Reg-358 distant bone rib -19.51 11.93 15.8 43.6 16.5 3.1 
Reg-358 distant bone duplicate -19.46 12.09 15.8 43.5 16.3 3.1 
Reg-358 lesion periosteal lesion, left tibia -19.50 12.44 19.0 45.8 17.0 3.1 
Reg-361 distant bone rib -20.12 10.05 23.1 44.9 16.3 3.2 
Reg-361 lesion osteophyte, foot phalanx -19.87 10.87 25.1 46.1 17.2 3.1 
Reg-361 near lesion near osteophyte, foot 
phalanx 
-19.91 10.81 25.6 45.5 17.1 3.1 
Reg-368 distant bone rib -19.64 11.03 20.6 45.0 16.4 3.2 
Reg-368 lesion 1 periosteal lesion, right 
fibula, 1st area 
-19.56 11.47 12.3 41.6 15.4 3.2 
Reg-368 lesion 2 periosteal lesion, right 
fibula, 2nd area 
-19.38 11.41 9.3 42.5 16.4 3.0 
Reg-368 near lesion 1 near periosteal lesion, right 
fibula, 1st area 
-19.52 11.18 8.3 41.8 15.2 3.2 
Reg-368 near lesion 2 near periosteal lesion, right 
fibula, 2nd area 
-19.63 10.53 8.9 42.6 15.5 3.2 
Reg-368 near lesion 3 near periosteal lesion, right 
fibula, 3rd area 
-19.52 11.22 9.4 42.3 15.5 3.2 
Reg-370 distant bone rib -19.88 11.40 17.2 42.3 15.8 3.1 
Reg-370b distant bone rib -19.08 13.11 12.2 44.1 16.7 3.1 
Reg-370b lesion periosteal lesion, right tibia -19.03 12.62 10.5 42.9 15.6 3.2 
Reg-371 distant bone 2nd metacarpal -19.82 11.00 12.9 41.3 15.5 3.1 
Reg-372 distant bone rib -19.90 11.29 18.6 39.6 14.8 3.1 
Reg-373 distant bone rib -19.70 10.97 21.5 35.3 12.9 3.2 
Reg-373 distant bone duplicate -19.82 11.28 21.5 40.3 15.0 3.1 
Reg-374 distant bone rib -19.76 10.05 5.3 40.0 14.3 3.3 
Reg-374 lesion (jd) osteophyte, 2nd right 
metacarpal 
-19.79 10.60 21.2 46.0 17.4 3.1 
Reg-374 lesion (jd) duplicate -19.69 10.63 21.2 44.1 16.7 3.1 
Reg-374 near lesion (jd) 1 near osteophyte, 2nd right 
metacarpal, 1st area 
-19.70 10.41 11.3 41.1 15.3 3.1 
Reg-374 near lesion (jd) 2 near osteophyte, 2nd right 
metacarpal, 2nd area 
-19.90 10.50 23.0 46.7 17.7 3.1 
Reg-374 lesion (p) periosteal lesion, left femur -19.72 10.76 8.8 40.6 15.2 3.1 
        
jd = joint disease, p = periostitis 
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Table F.1 (continued): Collagen isotopic data for Regensburg human sample 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) C
o
ll
a
g
en
 
Y
ie
ld
 (
%
) 
%C %N C/N 
Reg-374 near lesion (p) near periosteal lesion, left 
femur 
-19.79 10.52 7.4 40.1 14.9 3.1 
Reg-376 distant bone phalanx -20.01 10.11 9.3 43.3 15.8 3.2 
Reg-376 lesion rib fracture callus -19.91 11.25 7.7 39.4 14.6 3.1 
Reg-376 near lesion near callus, rib fracture -19.85 10.63 6.5 38.3 14.2 3.1 
Reg-376 near lesion duplicate -19.83 10.59 6.5 38.6 14.3 3.2 
Reg-377 distant bone rib -19.98 10.45 19.3 43.8 16.5 3.1 
Reg-378 distant bone rb 1 rib, first area -19.24 12.11 22.7 36.8 13.5 3.2 
Reg-378 distant bone rb 1 duplicate -19.42 12.16 16.2 44.8 16.9 3.1 
Reg-378 distant bone rb 2 rib, 2nd area -19.42 12.30 20.2 44.9 16.7 3.1 
Reg-378 distant bone mc left 2nd metacarpal -19.54 11.85 20.5 44.7 16.3 3.2 
Reg-378 distant bone fb left fibula -19.55 11.76 7.8 41.6 15.8 3.1 
Reg-380 distant bone rb 1 rib, 1st area  -19.74 11.63 21.5 40.4 15.2 3.1 
Reg-380 distant bone rb 2 rib, 2nd area -19.62 12.01 20.3 45.3 16.5 3.2 
Reg-380 distant bone mc left 2nd metacarpal -19.75 12.33 21.8 45.3 17.1 3.1 
Reg-380 distant bone fb right fibula -19.68 12.19 10.9 43.9 16.0 3.2 
Reg-384 distant bone 2nd metacarpal -20.06 11.02 20.9 45.3 16.6 3.2 
Reg-384 distant bone method duplicate -19.88 10.77 20.0 45.9 16.9 3.2 
Reg-384 lesion 1 osteomyelitic lesion, tibia, 
1st area 
-19.83 11.56 18.6 45.1 16.3 3.2 
Reg-384 lesion 2 osteomyelitic lesion, tibia, 
2nd area 
-19.88 11.77 22.0 44.7 16.8 3.1 
Reg-384 lesion 3 rough outermost area of 
osteomyelitic lesion, tibia, 
3rd area 
-19.75 12.17 18.3 41.4 14.9 3.2 
Reg-384 near lesion near osteomyelitic lesion, 
tibia   
-19.84 11.66 19.9 45.4 16.5 3.2 
Reg-385 distant bone fibula -19.84 10.54 5.0 38.4 14.3 3.1 
Reg-397 distant bone rib -19.92 10.18 20.7 44.3 16.2 3.2 
Reg-397 dentin 1 upper left central incisor -19.52 10.55 18.4 45.7 16.9 3.2 
Reg-397 dentin 2  upper left first molar -19.53 10.55 19.0 46.5 17.2 3.2 
Reg-397 dentin 2  duplicate -19.55 10.64 19.0 46.4 17.2 3.1 
Reg-398 distant bone rib -19.16 11.36 19.5 45.7 16.8 3.1 
Reg-398 distant bone duplicate -19.13 11.49 19.5 46.1 16.9 3.2 
Reg-398 lesion periosteal lesion, right 
fibula 
-19.40 10.58 22.1 45.8 17.2 3.1 
Reg-398 lesion duplicate -19.37 10.55 22.1 46.0 17.3 3.1 
Reg-401 distant bone rib -19.77 10.73 10.3 40.6 14.9 3.2 
Reg-401 lesion (p) 1 periosteal lesion, left 
fibula, 1st area 
-19.93 10.36 6.8 40.2 14.5 3.2 
rb = rib, mc = fibula, fb = fibula, jd = joint disease, p = periostitis 
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Table F.1 (continued): Collagen isotopic data for Regensburg human sample 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) C
o
ll
a
g
en
 
Y
ie
ld
 (
%
) 
%C %N C/N 
Reg-401 lesion (p) 2 periosteal lesion, left 
fibula, 2st area 
-19.91 11.03 5.6 38.9 14.2 3.2 
Reg-401 near lesion (p) 1 near periosteal lesion, left 
fibula, 1st area 
-20.00 10.65 4.4 41.3 15.0 3.2 
Reg-401 near lesion (p) 2 near periosteal lesion, left 
fibula, 2nd area 
-20.00 10.58 5.6 39.3 14.2 3.2 
Reg-401 lesion (jd) 1 osteophyte, vertebra (3 or 
5?), 1st area 
-19.71 11.54 8.2 41.7 15.4 3.1 
Reg-401 lesion (jd) 2 osteophyte, vertebra (3 or 
5?), 2nd area 
-19.68 11.57 16.3 45.2 16.9 3.1 
Reg-401 near lesion (jd) 1 near osteophyte, vertebra 
(3 or 5?), 1st area 
-19.70 11.56 17.8 40.8 15.2 3.1 
Reg-401 near lesion (jd) 2 near osteophyte, vertebra 
(3 or 5?), 2nd area 
-19.80 11.06 11.2 42.1 15.6 3.1 
Reg-403 distant bone rib -19.47 11.40 20.9 43.0 16.3 3.1 
Reg-404 distant bone rib -19.72 11.40 8.5 38.0 14.1 3.1 
Reg-404 lesion 1 fibula fracture callus, 1st 
area 
-19.61 11.57 11.3 44.3 16.5 3.1 
Reg-404 lesion 2 fibula fracture callus, 2nd 
area 
-19.59 11.61 14.1 44.8 16.7 3.1 
Reg-404 lesion 3 fibula fracture callus, 3rd 
area 
-19.55 11.54 17.9 46.2 17.4 3.1 
Reg-404 near lesion  near callus, fibula fracture 
callus   
-19.66 11.41 18.3 44.9 16.9 3.1 
Reg-406 distant bone phalanx -19.64 11.29 18.3 44.8 17.0 3.1 
Reg-407 distant bone rib -19.53 12.15 20.6 45.8 16.9 3.1 
Reg-424 distant bone rib -19.64 12.03 17.7 41.9 15.7 3.1 
Reg-537 distant bone rib -20.11 10.85 21.9 37.0 13.9 3.1 
Reg-537 distant bone duplicate -20.17 10.73 21.9 38.5 14.4 3.1 
jd = joint disease, p = periostitis 
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Table F.2: Collagen isotopic data for Regensburg faunal sample
∆
 
ID  Location 
Sample 
Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol 
(‰, 
AIR) C
o
ll
a
g
en
  
Y
ie
ld
 (
m
g
) 
C
o
ll
a
g
en
 
Y
ie
ld
 (
%
) 
%C %N C/N 
Reg-calf grave 
230 
cortical bone 
fragment 
-21.54 5.66 64.0 12.6 39.7 14.8 3.1 
Reg-cat grave 56 cortical bone 
fragment 
-20.54 9.61 92.0 17.6 42.2 15.8 3.1 
Reg-
chicken230 
grave 
230 
cortical bone 
fragment 
-22.58 5.14 49.3 8.8 45.3 16.5 3.2 
Reg-cow grave ? cortical bone 
fragment 
-20.86 8.63 21.3 4.4 46.1 16.9 3.2 
Reg-cow230 grave 
230 
cortical bone 
fragment 
-20.99 4.55 79.5 15.5 43.2 16.3 3.1 
Reg-goose grave 15 cortical bone 
fragment 
-20.40 8.56 66.0 11.4 39.1 14.5 3.1 
Reg-hare grave 
232 
cortical bone 
fragment 
-23.44 6.35 24.1 6.7 36.4 13.4 3.2 
Reg-
partridge 
grave 
382 
cortical bone 
fragment 
-19.05 7.27 34.6 12.7 40.2 14.8 3.2 
Reg-pig grave ? cortical bone 
fragment 
-20.78 9.52 20.5 5.2 45.5 16.6 3.2 
Sheep or 
goat  (1a)      
grave 1  whole bone 
powder 
-21.27 6.73 22.4 4.5* 35.9 13.1 
3.2 
Sheep or 
goat  (1b)     
grave 1 whole bone 
powder 
-21.08 6.49 7.3 1.5* 26.0 11.4 
2.7
□
 
Goose (136) grave 
136 
whole bone 
powder 
-21.38 10.11 30.9 6.2* 40.6 14.4 
3.3 
Chicken 
(136) 
grave 
136 
whole bone 
powder 
-21.03 7.61 24.9 4.9* 35.8 12.6 
3.3 
Cow (274) grave 
274 
whole bone 
powder 
-21.92 7.07 16.6 3.3* 39.0 14.1 
3.2 
Pig (316) grave 
316 
whole bone 
powder 
-19.83 7.89 19.5 3.9* 37.0 13.3 
3.2 
Young sheep 
(392) 
grave 
392 
whole bone 
powder 
-21.92 8.39 36.7 7.3* 39.5 14.0 
3.3 
Sheep or 
goat (392) 
grave 
392 
whole bone 
powder 
-21.03 7.85 20.9 4.2* 42.2 15.0 
3.3 
∆
Shaded cells indicate analysis by Karyn Olsen (Laboratory for Stable Isotope Science, Western 
University). Non-shaded cells indicate sample analysis by Kristin von Heyking (BioGeo-Center, Ludwig-
Maximilians-University, Munich). 
*Based on a starting weight estimate of 500 grams of whole bone powder. 
□
Dropped from overall analysis due to low C/N ratio 
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Table F.3: Structural carbonate isotopic data for Regensburg human sample
∆
 
ID 
Sample  
Description 
δ13Csc  
(‰, 
VPDB) 
δ18Osc 
(‰, 
VPDB) 
δ18Osc  
(‰, 
VSMOW) 
C
a
rb
o
n
a
te
 
Y
ie
ld
 (
%
) 
C
ry
st
a
ll
in
it
y
 
In
d
ex
 (
C
I)
 
Reg-7 rib -13.42 -7.77 22.90 66.2 2.8 
Reg-12 fibula -12.37 -8.09 22.57 63.6 2.6 
Reg-12a tibia -14.22 -7.56 23.11 52.9 2.5 
Reg-14 rib -14.58 -8.06 22.60 52.4 2.7 
Reg-22 rib -14.15 -7.44 23.24 49.9 2.7 
Reg-22 dentin upper central incisor -13.18 -7.38 23.29 76.5 2.8 
Reg-22 enamel upper central incisor -13.48 -6.74 23.96 75.4 2.6 
Reg-29 rib -14.50 -8.30 22.35 55.1 2.7 
Reg-46 rib -13.60 -8.31 22.35 57.1 2.6 
Reg-47 metacarpal -14.56 -7.97 22.70 49.2 2.8 
Reg-53 rib -13.89 -8.01 22.65 55.9 2.9* 
Reg-56 clavicle -14.24 -8.62 22.02 64.8 2.9 
Reg-59 femur -13.04 -6.86 23.84 71.1 2.6 
Reg-61 metacarpal -14.75 -7.77 22.90 57.5 2.6 
Reg-64 rib -13.52 -7.26 23.43 58.6 3.0 
Reg-65 rib -13.35 -7.53 23.15 64.2 2.8* 
Reg-67 rib -14.21 -10.02 20.58 56.6 2.7 
Reg-69 metatarsal -13.38 -7.62 23.06 60.1 2.7 
Reg-70 rib -13.66 -6.84 23.86 57.8 2.7 
Reg-76 metacarpal -14.24 -6.51 24.20 56.9 2.7 
Reg-79 rib -14.38 -7.33 23.35 57.6 2.9 
Reg-80 metacarpal -13.37 -6.99 23.70 70.5 3.2 
Reg-83 rib -14.29 -8.67 21.97 52.6 3.1 
Reg-84 rib -14.51 -7.06 23.63 57.4 3.2 
Reg-85a tibia -13.55 -7.36 23.32 76.6 3.3 
Reg-86 rib -14.21 -8.01 22.65 56.3 2.8 
Reg-87 distant bone 2nd metatarsal -13.79 -7.14 23.55 72.2 3.0 
Reg-87 distant bone duplicate -13.66 -7.02 23.67 72.2 
 
Reg-87 distant bone method duplicate -13.73 -6.90 23.80 71.2 
 
Reg-89 rib -13.81 -7.28 23.40 66.5 2.6 
Reg-96 rib -13.20 -8.15 22.51 63.2 3.0* 
Reg-97 rib -14.28 -8.18 22.48 57.4 2.7 
Reg-99 rib -14.23 -9.11 21.52 58.1 2.8 
Reg-100 rib -14.62 -9.02 21.61 49.9 2.6 
Reg-107 rib -13.98 -7.66 23.02 54.8 2.8 
Reg-112 rib -13.82 -7.30 23.39 48.7 2.8 
Reg-115 metacarpal -14.15 -7.60 23.08 52.3 2.7 
∆
Shaded cells indicate analysis by Karyn Olsen. Non-shaded cells indicate sample analysis by Kristin von 
Heyking (BioGeo-Center, Ludwig-Maximilians-University, Munich). 
*Average of two analyses 
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APPENDIX F continued 
 
Table F.3 (continued): Structural carbonate isotopic data for Regensburg human sample
∆
 
ID 
Sample  
Description 
δ13Csc  
(‰, 
VPDB) 
δ18Osc 
(‰, 
VPDB) 
δ18Osc  
(‰, 
VSMOW) 
C
a
rb
o
n
a
te
 
Y
ie
ld
 (
%
) 
C
ry
st
a
ll
in
it
y
 
In
d
ex
 (
C
I)
 
Reg-116 rib -13.88 -6.80 23.90 63.0 2.9 
Reg-117 rib -13.82 -7.93 22.74 60.7 2.8 
Reg-120 metacarpal -13.89 -7.68 23.00 61.1 2.9* 
Reg-121 rib -13.52 -6.84 23.86 67.0 2.8 
Reg-123 rib -13.83 -7.93 22.74 55.1 2.6 
Reg-130 phalanx -13.42 -7.28 23.41 56.1 2.7 
Reg-135 rib -14.48 -7.11 23.58 52.4 2.7 
Reg-136 rib -13.56 -8.31 22.34 53.0 2.7 
Reg-138 rib -13.97 -6.39 24.33 59.4 3.1* 
Reg-139 metatarsal -13.48 -7.07 23.63 56.6 2.5 
Reg-144 rib -14.32 -6.86 23.84 67.7 2.6 
Reg-145 distant bone rib -13.83 -8.04 22.62 69.4 2.8 
Reg-145 dentin lower right 1st molar -13.01 -7.88 22.79 77.0 2.7 
Reg-145 enamel  lower right 1st molar -13.20 -6.13 24.59 86.7 3.1 
Reg-146 metacarpal -13.83 -6.82 23.88 55.6 2.7 
Reg-155 rib -14.58 -5.96 24.77 53.9 3.0 
Reg-156 metacarpal -13.25 -7.99 22.67 46.7 2.7 
Reg-157 rib -13.20 -7.22 23.46 64.1 2.9 
Reg-158 cranial fragment -13.31 -8.08 22.58 42.9 3.2 
Reg-171 rib -14.12 -6.48 24.23 56.9 2.7 
Reg-175b cranial fragment -13.65 -7.44 23.24 53.2 2.9 
Reg-199 rib -13.01 -6.32 24.39 68.8 3.0 
Reg-201 cranial fragment -14.23 -7.47 23.21 56.6 2.8 
Reg-208 ulna -13.81 -6.49 24.22 70.0 2.8* 
Reg-212 rib -13.83 -7.43 23.25 68.8 2.7 
Reg-214 rib -13.87 -6.99 23.70 76.8 2.8 
Reg-216 distant bone rib -14.39 -7.99 22.67 68.3 2.9 
Reg-221 rib -15.15 -5.90 24.83 54.6 2.7 
Reg-227 rib -14.03 -6.76 23.94 57.6 2.9 
Reg-247 rib -14.22 -7.42 23.26 59.3 2.7 
Reg-249 rib -14.25 -7.13 23.56 51.7 2.6 
Reg-260 rib -12.74 -6.97 23.72 68.4 2.8* 
Reg-261 metacarpal -13.65 -7.44 23.24 64.0 2.7 
Reg-273 rib -14.27 -7.09 23.60 60.1 2.8 
Reg-293 rib -13.23 -7.61 23.06 39.4 2.7 
Reg-297 rib -13.61 -7.63 23.05 49.0 3.1 
Reg-298 rib -13.69 -7.85 22.81 64.6 2.7 
∆
Shaded cells indicate analysis by Karyn Olsen. Non-shaded cells indicate sample analysis by Kristin von 
Heyking (BioGeo-Center, Ludwig-Maximilians-University, Munich). 
*Average of two analyses 
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APPENDIX F continued 
 
Table F.3 (continued): Structural carbonate isotopic data for Regensburg human sample
∆
 
ID 
Sample  
Description 
δ13Csc  
(‰, 
VPDB) 
δ18Osc 
(‰, 
VPDB) 
δ18Osc  
(‰, 
VSMOW) 
C
a
rb
o
n
a
te
 
Y
ie
ld
 (
%
) 
C
ry
st
a
ll
in
it
y
 
In
d
ex
 (
C
I)
 
Reg-301 fibula -12.48 -6.77 23.93 ? 3.0 
Reg-308 rib -13.63 -6.84 23.86 52.7 2.8 
Reg-309 metatarsal -13.69 -7.10 23.60 52.2 2.7 
Reg-310 rib -13.34 -8.21 22.45 49.9 2.7* 
Reg-310  duplicate -13.38 -8.12 22.54 49.9 
 
Reg-317 rib -14.60 -7.19 23.50 48.7 2.6 
Reg-318 metatarsal -13.31 -7.67 23.01 65.9 2.9 
Reg-320 distant bone rib -14.58 -7.89 22.78 47.0 2.8 
Reg-320 distant bone duplicate -14.62 -8.07 22.58 47.0 
 
Reg-324 femur -13.95 -6.14 24.58 73.0 2.8 
Reg-326 rib -14.87 -7.69 22.98 ? 2.8 
Reg-328 rib -13.44 -7.25 23.44 60.0 2.9 
Reg-330 rib -14.67 -7.18 23.50 48.0 2.8* 
Reg-332 distant bone 2nd metacarpal -13.17 -7.45 23.23 67.8 2.9* 
Reg-337 metacarpal -14.85 -6.57 24.14 47.3 2.7 
Reg-340 distant bone rib -13.90 -7.44 23.24 70.2 2.8 
Reg-340 distant bone duplicate -13.94 -7.35 23.33 70.2 
 
Reg-344 fibula -13.20 -7.28 23.41 60.4 2.8 
Reg-345 rib -12.56 -7.14 23.55 66.1 2.8 
Reg-348 rib -14.34 -7.73 22.95 50.9 2.6 
Reg-348b distant bone clavicle -13.56 -7.40 23.28 71.1 3.0 
Reg-351 rib -12.24 -6.38 24.33 81.2 3.0 
Reg-358 rib -12.82 -7.33 23.36 71.4 2.7 
Reg-361 rib -15.00 -7.40 23.28 44.1 2.7 
Reg-368 rib -12.78 -6.95 23.75 49.7 2.7 
Reg-370 rib -13.96 -7.76 22.91 65.9 2.9 
Reg-370b rib -13.09 -6.37 24.34 63.4 2.7 
Reg-371 metacarpal -13.33 -7.54 23.14 58.3 2.7 
Reg-372 rib -14.82 -7.50 23.18 58.6 2.7 
Reg-373 rib -14.48 -7.69 22.99 63.5 2.7 
Reg-374 rib -14.03 -6.85 23.85 56.3 2.7 
Reg-376 phalanx -13.13 -7.38 23.30 74.0 2.7 
Reg-377 rib -14.19 -7.46 23.22 46.7 2.8 
Reg-378 metacarpal -13.75 -7.87 22.80 66.7 2.8 
Reg-380 metacarpal -14.73 -6.68 24.03 56.6 2.7 
Reg-384 metacarpal -14.27 -5.44 25.31 60.2 2.7 
Reg-385 fibula -14.10 -6.44 24.27 53.6 2.9 
∆
Shaded cells indicate analysis by Karyn Olsen. Non-shaded cells indicate sample analysis by Kristin von 
Heyking (BioGeo-Center, Ludwig-Maximilians-University, Munich). 
*Average of two analyses 
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APPENDIX F continued 
 
Table F.3 (continued): Structural carbonate isotopic data for Regensburg human sample
∆
 
ID 
Sample  
Description 
δ13Csc  
(‰, 
VPDB) 
δ18Osc 
(‰, 
VPDB) 
δ18Osc  
(‰, 
VSMOW) 
C
a
rb
o
n
a
te
 
Y
ie
ld
 (
%
) 
C
ry
st
a
ll
in
it
y
 
In
d
ex
 (
C
I)
 
Reg-397 infant -13.16 -7.22 23.47 60.7 2.8 
Reg-397 incisor dentin upper left central incisor -13.09 -8.36 22.29 72.3 2.7 
Reg-397 incisor enamel upper left central incisor -12.93 -6.12 24.60 73.0 2.7 
Reg-397 molar dentin upper left 1st molar -13.25 -8.41 22.23 77.0 2.5 
Reg-397 molar enamel upper left 1st molar -12.89 -6.74 23.96 77.6 2.9 
Reg-398 rib -14.86 -7.83 22.84 53.4 2.6 
Reg-401 rib -14.06 -7.31 23.37 64.1 3.0 
Reg-403 rib -13.91 -5.50 25.24 47.3 2.7 
Reg-404 rib -13.73 -7.21 23.47 64.3 2.8 
Reg-406 phalanx -13.76 -6.71 24.00 58.0 2.8 
Reg-407 rib -14.41 -7.72 22.95 51.7 3.1 
Reg-424 rib -13.29 -7.14 23.55 63.0 2.9* 
Reg-537 rib -14.14 -5.64 25.10 61.3 2.7 
∆
Shaded cells indicate analysis by Karyn Olsen. Non-shaded cells indicate sample analysis by Kristin von 
Heyking (BioGeo-Center, Ludwig-Maximilians-University, Munich). 
*Average of two analyses 
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APPENDIX F continued 
 
Table F.4: Structural carbonate isotopic data for Regensburg faunal sample
∆
 
ID  Location 
Sample  
Description 
δ13Csc  
(‰, 
VPDB) 
δ18Osc 
(‰, 
VPDB) 
δ18Osc  
(‰, 
VSMOW) 
C
a
rb
o
n
a
te
 
Y
ie
ld
 (
%
) 
C
ry
st
a
ll
in
it
y
 
In
d
ex
 (
C
I)
 
Reg-calf grave 230 cortical bone 
fragment 
-7.99 -6.31 24.40 73.3 2.7 
Reg-cat grave 56 cortical bone 
fragment 
-15.43 -7.78 22.88 64.7 2.6 
Reg-
chicken230 
grave 230 cortical bone 
fragment 
-12.26 -8.57 22.07 76.2 2.5 
Reg-cow grave ? cortical bone 
fragment 
-11.39 -8.75 21.88 79.6 3.0* 
Reg-cow230 grave 230 cortical bone 
fragment 
-9.90 -7.71 22.96 70.7 2.7 
Reg-cow230    method 
duplicate 
-9.82 -7.70 22.97 71.0  
Reg-goose grave 15 cortical bone 
fragment 
-12.18 -8.72 21.92 74.3 2.8 
Reg-hare grave 232 cortical bone 
fragment 
-12.53 -8.33 22.32 79.4 2.7 
Reg-partridge grave 382 cortical 
bone 
fragment 
-11.77 -8.85 21.79 65.2 2.8 
Reg-pig grave ? cortical bone 
fragment 
-11.56 -8.48 22.16 77.9 2.9 
Hare (101) grave 101 whole bone 
powder 
-12.58 -8.26 22.32 ?  
Hare (324) grave 324 whole bone 
powder 
-12.74 -7.51 23.10 ?  
Duck (85) grave 85 whole bone 
powder 
-12.16 -7.94 22.66 ?  
Chicken (101) grave 101 whole bone 
powder 
-10.70 -6.43 24.23 ?  
Young 
chicken (101) 
grave 101 whole bone 
powder 
-11.81 -7.25 23.38 ?  
Goose (278) grave 278 whole bone 
powder 
-9.89 -8.05 22.54 ?  
∆
Shaded cells indicate analysis by Karyn Olsen. Non-shaded cells indicate sample analysis by Kristin von 
Heyking (BioGeo-Center, Ludwig-Maximilians-University, Munich). 
*Average of two analyses 
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APPENDIX G - Nitrogen isotope data for Regensburg population compared by 
pathological condition, age and sex  
 
Table G.1: Mean δ15N values for groups that exhibit the presence of absence of various pathological 
conditions 
 
Group 
N
u
m
b
er
 (
n
) 
Mean δ15N    
(‰, AIR) 
S
ta
n
d
a
rd
 
D
ev
ia
ti
o
n
 
p* 
Cribra orbitalia 
     
Total population Absent 71 11.3 1.0  
 
Present 25 11.8 0.7 0.01
∆
 
      
Males Absent 32 11.4 1.0  
 
Present 10 11.7 0.8 0.25 
    
 
 
Females Absent 32 11.1 0.9  
 
Present 9 11.8 0.7 0.03
∆
 
    
 
 
Older child/adolescent Absent 6 10.8 0.5  
 
Present 8 11.3 0.6 0.08 
 
   
 
 
Adult/mature adult/elderly adult Absent 62 11.2 1.0  
 
Present 14 11.9 0.7 0.01
∆
 
    
 
 
Rickets/osteomalacia 
     
Total population Absent 103 11.3 0.9 0.38 
 
Present 8 11.6 0.9 
 
      
Younger child/older child/adolescent Absent 15 11.0 0.7  
 
Present 5 12.0 1.0 0.10 
   
  
 
Adult Absent 37 11.3 1.0  
 
Present 3 11.0 0.4 0.44 
Joint arthrosis (excluding spine) 
     
Total population Absent 57 11.3 1.0  
 
Present 44 11.5 0.8  
 
Severe 10 10.9 0.9 0.15 
    
 
 
*p = Significant difference between the means of two groups or three groups was tested using a Student’s t-
test or a single factor ANOVA 
∆
Total population (t = -2.77, df = 58); Females (t = -2.39, df = 16); Adult... (t = -2.3, df = 25).  
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APPENDIX G continued 
 
Table G.1 (continued): Mean δ15N values for groups that exhibit the presence of absence of various 
pathological conditions 
 
Group 
N
u
m
b
er
 (
n
) 
Mean δ15N    
(‰, AIR) 
S
ta
n
d
a
rd
 
D
ev
ia
ti
o
n
 
p* 
Males Absent 22 11.2 1.0  
 
Present 24 11.6 0.9  
 
Severe 4 10.5 1.0 0.07 
    
 
 
Females Absent 19 11.0 1.1  
 
Present 20 11.4 0.7  
 
Severe 6 11.3 0.8 0.26 
    
 
 
Adult Absent 23 11.1 1.0  
 
Present 17 11.5 0.9 0.14 
    
 
 
Mature adult/elderly adult Absent 11 11.2 1.3 
 
 
Present 28 11.5 0.7 
 
 
Severe 9 10.9 0.9 0.21 
Spondylosis and spondylarthrosis  
     
Total population Absent 67 11.3 1.0  
 
Present 44 11.5 0.8 0.22 
    
 
 
Males Absent 26 11.3 1.0  
 
Present 24 11.5 0.9 0.45 
    
 
 
Females Absent 26 11.0 1.0  
 
Present 19 11.5 0.6 0.02
∆
 
    
 
 
Older child/adolescent Absent 13 10.9 0.7  
 
Present 3 11.2 0.6 0.59 
    
 
 
Adult/mature adult/elderly adult Absent 47 11.2 1.0  
 
Present 41 11.5 0.8 0.08 
*p = Significant difference between the means of two groups or three groups was tested using a Student’s t-
test or a single factor ANOVA 
∆
Females (t=-2.37, df = 43). Overall, younger women have lower collagen δ15N values relative to older 
women in this population. Since younger women would be expected to have less degenerative spine 
lesions, the significant result found here is likely due to the age groping and not the condition.  
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APPENDIX G continued 
 
Table G.1 (continued): Mean δ15N values for groups that exhibit the presence of absence of various 
pathological conditions 
 
Group 
N
u
m
b
er
 (
n
) 
Mean δ15N    
(‰, AIR) 
S
ta
n
d
a
rd
 
D
ev
ia
ti
o
n
 
p* 
Schmorl's nodes 
     
Total population Absent 93 11.4 0.9  
 
Present 18 11.3 0.2 0.76 
    
 
 
Males Absent 38 11.4 1.0  
 
Present 12 11.3 1.0 0.87 
    
 
 
Females Absent 39 11.2 0.8  
 
Present 6 11.2 1.2 0.99 
    
 
 
Adult/mature adult/elderly adult Absent 72 11.3 0.9  
 
Present 26 11.4 0.9 0.81 
 
   
 
 
Fracture trauma 
     
Total population Absent 94 11.3 0.9  
 
Present 9 11.2 1.0  
 
Multiple 8 11.5 1.1 0.89 
    
 
 
Males Absent 39 11.3 1.0  
 
Present 11 11.7 0.7 0.16 
    
 
 
Females Absent 39 11.3 0.8  
 
Present 6 10.8 1.3 0.41 
    
 
 
Adult/mature adult/elderly adult Absent 72 11.3 0.9  
 
Present 16 11.3 1.0 0.88 
    
 
 
*p = Significant difference between the means of two groups or three groups was tested using a Student’s t-
test or a single factor ANOVA 
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APPENDIX G continued 
 
Table G.1 (continued): Mean δ15N values for groups that exhibit the presence of absence of various 
pathological conditions 
 
Group 
N
u
m
b
er
 (
n
) 
Mean δ15N    
(‰, AIR) 
S
ta
n
d
a
rd
 
D
ev
ia
ti
o
n
 
p* 
Caries 
     
Total population Absent 30 11.6 0.8  
 
Present 66 11.3 1.0 0.16 
    
 
 
Males Absent 10 11.4 0.7  
 
Present 32 11.5 1.0 0.96 
    
 
 
Females Absent 12 11.4 0.8  
 
Present 29 11.2 1.0 0.39 
    
 
 
Young child/older child/adolescent  Absent 8 11.5 1.0  
 
Present 10 11.3 0.7 0.54 
 
   
 
 
Adult/mature adult/elderly adult Absent 20 11.5 0.7  
 
Present 56 11.3 1.0 0.43 
   
  
 
Abscess 
     
Total population Absent 67 11.5 0.9  
 
Present 29 11.1 1.1 0.04
∆
 
    
 
 
Males Absent 29 11.6 0.8  
 
Present 13 11.1 1.2 0.17 
    
 
 
Females Absent 26 11.3 0.9  
 
Present 15 11.1 1.0 0.42 
    
 
 
Adult /mature adult/elderly adult Absent 48 11.5 0.9  
 
Present 28 11.1 1.1 0.08 
    
 
 
*p = Significant difference between the means of two groups or three groups was tested using a Student’s t-
test or a single factor ANOVA 
∆
 Total population (t = 2.09, df = 45) 
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APPENDIX G continued 
 
Table G.1 (continued): Mean δ15N values for groups that exhibit the presence of absence of various 
pathological conditions 
 
Group 
N
u
m
b
er
 (
n
) 
Mean δ15N    
(‰, AIR) 
S
ta
n
d
a
rd
 
D
ev
ia
ti
o
n
 
p* 
Enamel hypoplasia 
     
Total population Absent 67 11.5 0.9  
 
Present 18 11.2 1.2  
 
Severe 11 11.3 0.9 0.39 
    
 
 
Males Absent 29 11.4 0.8  
 
Present 13 11.5 1.3 0.92 
    
 
 
Females Absent 32 11.4 0.9  
 
Present 9 10.8 0.9 0.13 
    
 
 
Young child/older child/adolescent Absent 10 11.6 0.9  
 Present 8 11.1 0.7 0.17 
    
 
 
Adult/mature adult/elderly adult Absent 35 11.5 0.7  
 
Present 20 11.2 1.2 0.33 
Craniosynostosis 
     
Total population Absent 82 11.4 1.0 
 
 
Present 14 11.3 0.9 0.66 
    
 
 
Males Absent 36 11.4 1.0 
 
 
Present 6 11.4 0.7 0.82 
    
 
 
Females Absent 34 11.2 0.9  
 
Present 6 11.1 1.2 0.80 
    
  Younger child/older child/adolescent Absent 13 11.4 0.9  
 
Present 5 11.5 0.7 0.74 
   
  
 
Adult/mature adult/elderly adult Absent 67 11.4 1.0 
 
 
Present 9 11.2 1.1 0.59 
   
  
 
*p = Significant difference between the means of two groups or three groups was tested using a Student’s t-
test or a single factor ANOVA 
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APPENDIX G continued 
 
Table G.1 (continued): Mean δ15N values for groups that exhibit the presence of absence of various 
pathological conditions 
 
Group 
N
u
m
b
er
 (
n
) 
Mean δ15N    
(‰, AIR) 
S
ta
n
d
a
rd
 
D
ev
ia
ti
o
n
 
p* 
Osteomyelitis 
   
 
 
Total population Absent 103 11.4 0.9  
 
Present 8 11.0 1.0 0.37 
    
 
 
Females Absent 40 11.3 0.8  
 
Present 5 10.8 1.3 0.49 
    
 
 
Adult/mature adult/elderly adult Absent 80 11.3 0.9  
 
Present 8 11.0 1.0 0.41 
Periostitis 
     
Total population Absent 72 11.3 0.8  
 
Inactive 14 10.9 1.3  
 Active 19 11.6 1.0 0.08 
    
 
 
Males Absent 31 11.4 0.7  
 
Inactive 8 10.8 1.4  
 
Active 9 11.6 1.1 0.16 
    
 
 
Females Absent 32 11.2 0.9  
 
Inactive 5 11.1 1.3  
 
Active 7 11.3 0.8 0.95  
    
 
 
Adult/mature adult/elderly adult Absent 30 11.4 0.8  
 
Inactive 12 10.9 1.4  
 
Active 16 11.4 1.0 0.22 
   
 
  
*p = Significant difference between the means of two groups or three groups was tested using a Student’s t-
test or a single factor ANOVA 
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APPENDIX G continued 
 
Table G.1 (continued): Mean δ15N values for groups that exhibit the presence of absence of various 
pathological conditions 
 
Group 
N
u
m
b
er
 (
n
) 
Mean δ15N    
(‰, AIR) 
S
ta
n
d
a
rd
 
D
ev
ia
ti
o
n
 
p* 
Harris Lines 
     
Total population Absent 99 11.3 0.9  
 
Present 12 11.6 1.3 0.51 
    
 
 
Males Absent 44 11.3 0.9  
 
Present 6 11.5 1.3 0.76 
    
 
 
Females Absent 42 11.2 0.9  
 
Present 3 11.2 1.5 0.97 
    
 
 
Younger child/older child/adolescent Absent 16 11.1 0.7  
 
Present 4 12.0 1.3 0.28 
 
     
Adult/mature adult/elderly adult Absent 80 11.3 0.9  
 
Present 8 11.4 1.4 0.86 
    
 
 
*p = Significant difference between the means of two groups or three groups was tested using a Student’s t-
test or a single factor ANOVA 
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APPENDIX H - Dalheim skeletal sample description  
 
Table H.1: Dalheim collection sex, age, and pathology profiles
∆
 
ID Sex Age Category Age Range Skeletal Pathology* 
Dal-B02  F Elderly adult 60 - 75 years 
Cervical spine spondylosis (block between 
C7 - T1, 8 articular facets); Schmorl’s nodes 
(cervical-thoracic and upper lumbar); Harris 
lines on tibiae  
Dal-B05 M Elderly adult 60 - 80 years 
Spondylosis (T11 - L5) with strong bony 
outgrowths (osteophytes) on the margins of 
the vertebra; osteoarthritic changes on 
innominate (hip) bones (greater on left side); 
osteoarthritic changes on both femur necks; 
nodule on left tibia plateau 
Dal-B10 F Mature adult 40 - 54 years Fine Harris lines on tibiae 
Dal-B11 M Mature adult 40 - 60 years 
Mild spondylosis (T10 - T12); mild cribra 
orbitalia; Harris lines on tibia; exostosis on 
tibia 
Dal-B15 M Mature adult 40 - 55 years 
Spondylosis (C3 - C6, T10 -12, L4-5); 
Schmorl’s nodes (T8 - T11); incomplete atlas 
arch (premortem); Harris lines on tibia  
Dal-B16 M Adult 25 - 35 years Strong muscle insertions on tibiae  
Dal-B17 F? Mature adult 40 - 55 years  
Dal-B18 ? Older child 
9.5 years ± 9 
months   
Dal-B25 M Elderly adult 55 - 65 years Spondylosis (C3 - C7, T6 - T9, L1) 
Dal-B30 ? Older child 10 - 12 years 
 
Dal-B32 ? Older child 7 - 11 years  
 
Dal-B34 F Mature adult 45 - 55 years Mild spondylosis (C2 - C7, L5, S1) 
Dal-B45 M Mature adult 45 - 60 years 
Mild spondylosis (T11 - L4); distal epiphyses 
of both radii are excavated (scooped) 
ventrally    
Dal-B52 F? Mature adult 40 - 50 years  
 
Dal-B61 M Mature adult 40 - 50 years  
Spondylosis (T4, L1-L4); Spina bifida (L5 
and sacrum) 
Dal-B64 ? Older child 8 - 11 years 
 
Dal-B67 F? Adult ? Mild spondylosis (L4) 
Dal-B70 F? Adult 20 - 40 years  
 
Dal-B79 F? Mature Adult 40 - 60 years 
 
Dal-B85 F Adult  ? Spondylosis (T12); arthritis signs 
∆
 Information provided by Dr. Frank Rühli, Institute of Anatomy, University of Zurich 
*C = cervical; T = thoracic; L = lumbar, S = sacrum 
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APPENDIX H continued 
 
Table H.1 (continued): Dalheim collection sex, age, and pathology profiles
∆
 
ID Sex Age Category Age Range Skeletal Pathology 
Dal-
B296 
M Adult 20 - 40 years   
Dal-G03 M Elderly adult 55 - 75 years  
Dal-G07  ? Older child 7 - 9 years  
Dal-G11 M Adult  20 - 25 years   
∆
 Information provided by Dr. Frank Rühli, Institute of Anatomy, University of Zurich 
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APPENDIX I - Isotopic data for Dalheim skeletal collection 
 
Table I.1: Dalheim collection bone collagen isotope data (δ13Ccol, δ
15
Ncol) 
ID Sample Description 
δ13Ccol 
(‰, VPDB) 
δ15N col 
(‰, AIR) 
C
o
ll
a
g
en
 
Y
ie
ld
 (
%
) 
%C %N C/N 
Dal-B02 rib -19.90 9.44 7.0 41.18 15.13 3.17 
Dal-B05  rib -19.80 9.22 6.8 39.14 14.25 3.20 
Dal-B10 rib -19.92 9.50 5.7 42.35 15.50 3.19 
Dal-B11 rib -19.64 9.22 9.1 42.27 15.46 3.19 
Dal-B11 method duplicate -19.66 9.37 9.7 38.56 14.84 3.03 
Dal-B15  rib -19.91 9.55 9.4 40.48 14.88 3.17 
Dal-B16  rib -20.05 9.72 5.5 40.25 14.62 3.21 
Dal-B17  rib -19.83 9.19 6.3 40.08 14.65 3.19 
Dal-B17  rib, 2nd area -19.93 9.18 6.2 40.78 15.04 3.16 
Dal-B18  rib -20.11 8.19 6.0 38.86 14.29 3.17 
Dal-B18  method duplicate -20.14 8.29 6.5 37.98 14.63 3.03 
Dal-B25 rib -20.20 10.99 15.4 44.56 16.40 3.17 
Dal-B30 rib -20.13 9.18 13.7 42.93 15.68 3.19 
Dal-B30  rib, 2nd area -20.19 9.71 8.6 38.50 14.80 3.03 
Dal-B32 rib -19.99 8.67 8.2 39.53 14.36 3.21 
Dal-B32 duplicate -20.06 8.66 8.2 40.62 14.84 3.19 
Dal-B34 rib -20.01 9.55 10.9 41.39 15.13 3.19 
Dal-B45 rib -19.67 9.94 7.3 39.53 14.33 3.22 
Dal-B52 rib -20.34 10.63 8.2 38.91 14.14 3.21 
Dal-B61 rib -19.78 10.19 20.2 43.92 16.18 3.17 
Dal-B61 method duplicate -19.77 10.57 20.7 43.98 16.51 3.11 
Dal-B64 rib -20.09 9.12 6.6 41.31 15.07 3.20 
Dal-B67 cortical fragments -20.27 9.63 12.8 42.45 16.29 3.04 
Dal-B67  duplicate -20.21 9.53 12.8 41.95 16.17 3.03 
Dal-B70 rib -20.10 12.70 5.8 38.80 13.98 3.24 
Dal-B79 rib -20.07 9.72 9.4 39.86 14.56 3.19 
Dal-B85 rib -20.08 11.09 16.3 45.39 16.55 3.20 
Dal-B296 rib -19.60 11.89 22.6 46.12 16.98 3.17 
Dal-B296 rib, 2nd area -19.56 12.11 23.0 34.47 12.96 3.10 
Dal-G03  rib -19.99 9.77 9.6 43.33 15.91 3.17 
Dal-G07 rib -19.90 10.09 9.5 39.83 14.50 3.20 
Dal-G11 method duplicate -19.96 9.54 7.1 39.93 15.36 3.03 
Dal-G11  rib -19.80 9.50 6.6 38.79 14.17 3.19 
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APPENDIX I continued 
 
Table I.2 Dalheim collection vertebra bone collagen isotope data (δ13Ccol, δ
15
Ncol) 
ID Sample Description 
δ13Ccol 
(‰, VPDB) 
δ15Ncol  
(‰, AIR) 
C
o
ll
a
g
en
 
Y
ie
ld
 (
%
) 
%C %N C/N 
Dal-B02  
vertebra body 
fragment 
-19.93 8.97 11.7 41.20 15.05 3.19 
Dal-B05  
thoracic vertebra 
body fragment 
-19.86 9.21 6.0 39.82 14.23 3.26 
Dal-B05 lesion osteophyte -19.49 9.57 6.4 37.76 14.46 3.05 
Dal-B11  
thoracic vertebra 
body fragment 
-19.86 9.38 6.6 37.11 14.00 3.09 
Dal-B11 lesion lipping -19.64 8.90 5.6 38.68 14.07 3.21 
Dal-B15  spinous process -20.05 10.04 11.4 41.90 15.35 3.18 
Dal-B25  
thoracic vertebra 
body fragment 
-20.00 10.16 19.4 43.87 16.13 3.17 
Dal-B25  duplicate -20.02 10.37 19.4 43.94 16.32 3.14 
Dal-B34  
cervical vertebra 
body fragment 
-20.08 9.10 12.3 42.89 15.81 3.16 
Dal-B45  
lumbar vertebra 
body fragment 
-19.67 10.04 6.5 39.58 14.47 3.19 
Dal-B61  
thoracic vertebra 
body fragment 
-19.79 9.83 20.4 44.51 16.38 3.17 
Dal-B67  
lumbar vertebra 
body fragment 
-19.87 9.54 5.1 35.88 13.62 3.07 
Dal-B85  
vertebra body 
fragment 
-19.90 11.42 12.1 41.31 15.12 3.19 
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APPENDIX I continued 
 
Table I.3: Dalheim collection structural carbonate isotope data (δ13Csc, δ
18
Osc) 
ID 
Sample 
Description 
δ13Csc          
(‰, 
VPDB) 
δ18Osc           
(‰, 
VPDB) 
δ18Osc          
(‰,  
VSMOW) 
C
a
rb
o
n
a
te
 
Y
ie
ld
 (
%
) 
C
ry
st
a
ll
in
it
y
 
In
d
ex
 (
C
I)
 
Dal-B02 rib -12.67 -5.92 24.80 75.2 2.8 
Dal-B05 rib -12.77 -5.66 25.07 75.0 2.7 
Dal-B10 rib -12.87 -6.07 24.65 80.4 2.8 
Dal-B11 rib -13.47 -6.59 24.11 73.9 2.7* 
Dal-B15 rib -13.55 -5.86 24.86 74.4 2.7 
Dal-B16 rib -12.59 -6.59 24.12 85.5 2.7 
Dal-B17 rib -13.04 -6.26 24.45 80.0 2.7 
Dal-B18 rib -12.92 -6.58 24.12 64.7 2.5 
Dal-B25 rib -13.75 -5.69 25.04 73.0 2.7 
Dal-B30 rib -13.36 -5.43 25.31 72.4 2.7 
Dal-B32 rib -12.67 -5.86 24.87 75.8 2.5 
Dal-B34 rib -13.37 -5.63 25.10 72.4 2.8 
Dal-B34 method duplicate -13.34 -6.22 24.50 70.5 
 Dal-B45 rib -12.78 -6.19 24.53 73.7 2.6 
Dal-B52 rib -12.45 -5.75 24.98 77.3 2.7 
Dal-B61 rib -14.06 -6.63 24.08 67.2 2.5 
Dal-B64 rib -12.91 -5.97 24.75 78.5 2.7 
Dal-B67 cortical fragments -13.74 -5.83 24.89 74.1 2.7 
Dal-B70 rib -12.94 -5.55 25.18 79.1 2.8 
Dal-B70 duplicate -12.99 -5.90 24.82 79.1 
 Dal-B79 rib -13.69 -6.38 24.33 72.3 2.8 
Dal-B85 rib -13.18 -6.96 23.73 70.7 2.7 
Dal-B85  method duplicate -12.99 -5.83 24.90 71.8 
 Dal-B296 rib -14.84 -7.63 23.05 71.5 2.8 
Dal-G03 rib -12.95 -5.91 24.81 77.5 2.8 
Dal-G07 rib -13.69 -5.82 24.91 70.1 2.7 
Dal-G11 rib -12.67 -5.71 25.02 75.1 2.7* 
Dal-G11 duplicate -12.71 -5.77 24.96 75.1 
 *Average of two analyses. 
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APPENDIX J - Galler skeletal sample description and isotopic data 
 
Table J.1: Galler skeletal sample description* 
Patient Age Sex Profession Diagnosis Sample Description 
16 73 years M Gardener  Multiple plasmozytoma rib with lytic areas 
169 52 years M Housewife Metastatic tumors rib fragment 
12 57 years M  
Carcinoma & osteoclastic 
metastases 
unknown cortical fragment 
(perhaps long bone 
fragment)  
50 68 years F  Metastatic tumors long bone cortical fragment 
3 47 years F  Kontiges plasmocy rib fragment 
202 60 years M  Tuberculosis rib fragment 
102 76 years F  Tuberculosis  rib fragment 
17 79 years M  Cretinism rib fragment 
854 55 years M  Osteomalacia rib fragment 
511 59 years F  Osteomalacia rib fragment 
93 16 years F  Osteogenesis imperfecta 
tiny fragment (from long 
bone or patella?) 
1005 
4.5 
years 
F Child Osteogenesis imperfecta cranial fragments 
290 51 years F  Osteogenesis imperfecta rib fragment 
348 67 years M  Paget's 
rib + unknown cortical 
fragment 
255 63 years M Lawyer Paget's femur cortical fragment 
86 70 years M Locksmith Hyper/hypo parathyroidism rib fragment 
98 49 years F Housewife Hyper/hypo parathyroidism rib fragment 
881 ? ?  Kidney stones femur cortical fragment 
642 ? ?  Fracture 
femur cortical fragment; 
callus from femur fracture 
79 76 years F Housewife Fracture 
femur cortical fragment; rib 
fragment  
*Information provided by Dr. Frank Rühli, Institute of Anatomy, University of Zurich 
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APPENDIX J continued  
 
Table J.2: Galler bone collagen isotope data (δ13Ccol, δ
15
Ncol) 
ID Sample Description 
δ13Ccol 
(‰, 
VPDB) 
δ15Ncol       
(‰, 
AIR) C
o
ll
a
g
en
 
Y
ie
ld
 (
%
) 
%C %N C/N 
Gal-1005 cranial fragment -20.86 11.40 23.2 44.56 15.58 3.34 
Gal-102 rib fragment -19.51 11.57 25.5 45.03 16.61 3.16 
Gal-12 cortical fragment -19.37 12.17 23.2 44.66 16.73 3.11 
Gal-16 rib fragment -19.79 11.30 20.8 43.39 16.53 3.06 
Gal-169 rib fragment -19.62 11.89 18.0 42.83 16.07 3.11 
Gal-17 rib fragment -19.67 10.92 20.2 47.71 17.91 3.11 
Gal-202 rib fragment -19.74 12.11 22.8 43.83 16.55 3.09 
Gal-202  duplicate -19.68 12.04 22.8 42.16 15.98 3.08 
Gal-255 femur fragment -19.19 11.53 21.0 43.82 16.51 3.09 
Gal-290 rib fragment -19.91 10.71 17.3 45.34 17.09 3.09 
Gal-290  method duplicate -20.05 10.73 17.1 43.23 16.37 3.08 
Gal-3 rib fragment -19.57 11.51 22.0 43.38 16.47 3.07 
Gal-348 rib fragment -18.63 12.09 5.1 41.10 15.27 3.14 
Gal-50 cortical (long bone) fragment -19.86 11.33 21.9 44.19 16.75 3.08 
Gal-511 rib fragment -19.72 11.54 23.1 44.74 16.59 3.15 
Gal-642  femur fragment -19.40 11.57 19.4 46.34 17.59 3.07 
Gal-642  duplicate -19.39 11.45 19.4 42.85 16.30 3.07 
Gal-642 lesion callus from femur fracture  -19.01 12.73 18.8 43.56 15.94 3.19 
Gal-79  femur fragment -19.10 10.94 9.4 44.68 16.93 3.08 
Gal-79  rib fragment -19.28 10.98 35.8 43.57 16.56 3.07 
Gal-854 rib fragment -19.03 11.02 23.2 43.04 16.16 3.11 
Gal-86 rib fragment -19.45 11.03 25.8 44.00 16.53 3.10 
Gal-881 femur fragment -19.50 11.31 22.2 44.13 16.68 3.08 
Gal-881 method duplicate -19.61 11.18 22.7 43.86 16.55 3.09 
Gal-93 
cortical (long bone or 
patella) fragment 
-19.77 11.81 17.0 44.53 16.51 3.15 
Gal-93  duplicate -19.73 11.84 17.0 45.44 16.92 3.13 
Gal-98 rib fragment -20.14 10.64 25.2 44.13 16.36 3.14 
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APPENDIX J continued  
 
Table J.3: Galler bone structural carbonate data (δ13Csc, δ
18
Osc) 
ID Sample Description 
δ13Csc    
(‰,VPD
B) 
δ18Osc               
(‰, 
VPDB) 
δ18Osc                                    
(‰, 
VSMO
W) C
a
rb
o
n
a
te
 
Y
ie
ld
 (
%
) 
C
ry
st
a
ll
in
it
y
 
In
d
ex
 (
C
I)
 
Gal-1005 cranial fragments -13.97 -10.81 19.76 72.2 2.7 
Gal-102 rib fragment -15.03 -9.21 21.42 71.4 2.7 
Gal-12 cortical fragment -15.21 -8.91 21.72 72.1 2.6 
Gal-12  method duplicate -15.29 -9.08 21.55 71.0  
Gal-16 rib fragment -14.68 -9.45 21.16 70.5 2.7 
Gal-169 rib fragment -15.02 -8.75 21.89 64.6 2.6 
Gal-169  duplicate -15.07 -8.80 21.84 64.6  
Gal-17 rib fragment -15.29 -9.04 21.59 72.4 2.6 
Gal-202 rib fragment -15.31 -8.46 22.18 66.5 2.6 
Gal-202  method duplicate -15.60 -8.51 22.13 70.6  
Gal-255 femur fragment -14.47 -7.32 23.36 72.7 2.7* 
Gal-290 rib fragment -15.02 -7.95 22.71 66.5 2.6 
Gal-3 rib fragment -14.73 -9.14 21.49 71.1 2.6 
Gal-348 rib fragment -14.89 -9.42 21.20 79.8 2.6* 
Gal-50 
cortical (long bone) 
fragment 
-14.66 -9.03 21.60 72.1 2.7 
Gal-511 rib fragment -15.20 -8.44 22.21 74.4 2.6 
Gal-511 duplicate -15.09 -8.53 22.11 74.4  
Gal-642 femur fragment -14.41 -9.21 21.41 73.8 2.7 
Gal-79  femur fragment -15.01 -9.76 20.84 68.6 2.7 
Gal-854 rib fragment -15.61 -10.26 20.32 72.0 2.7 
Gal-86 rib fragment -15.86 -9.70 20.91 68.7 2.8 
Gal-881 femur fragment -14.11 -8.41 22.24 71.3 2.5 
Gal-93 
cortical (long bone or 
patella) fragment 
-14.29 -9.41 21.21 53.4 2.6 
Gal-98 rib fragment -15.74 -8.64 22.00 71.0 2.6 
Gal-98 duplicate -15.72 -8.61 22.03 71.0  
*Average of two analyses 
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